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FOCREWORD

This final report on Contract NAS 5-3189 i3 presented by Republic Aviation
Corporation to the Goddard Space Flight Center of the National Aeronautics and
Space Administration and consists of the seven volumes listed below, 1he period
of the contract work was February through May, 1963,

The sub-titles of the seven volumes of this report are:

Summary and Conclusions

Configurations and Systerns

Meteorological Sensors

Attitcde and Station Control

Communications, Power Supply, and Thermal Control
System Synthesis and Evaluation

Classified Supplement on Sensors and Control

I R G e W0 B e

Except for Volume 7, all of these are unclassified, Velume 7 contains only
that information on specific subsystems which had to be separated {rom the other
material because of its present security classification. Some of these items may
later be cleared for use in unclassified systems,

Volumes 3, 4, and 5 present detailed surveys and analyses of subs ystems ;
and related technical problems as indicated by their tities,

In Volume 2, several combinations of subsystems are reviewed as compleie
gpacecraft systems, including required structure and integration. These com-
binations were selectad primarily as examples of systems feasible within different
mass limits, and are associated with the boosters to be available,

Yolume 8 outlines mothods and procedures for synthesizing acd evaluating
gystem combinations which are in addition to those presented in Volume 2, -~ - -

Volume 1 presents an overall summary and the principal conclusions of the
study, :
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SECTION 1 ~ INTRODUCTION AND SUMMARY

The Synchronous Meteorological Satellite (SMS) will provide the means for con~
tinuous observation of the manifestations of the £arth's weather from a fixed vantage
point. The need for such a surveillance satellite has long been recognized. The daia
that a synchronous weather satellite will be capable of providing will not only fili the
voids left by low altitude weather satellites an( ground stations, but will in addition pro-

- vide meteorologists with a powerful new tool for the location, identificnilon, tracking,

and analysis of weather phenomena.

As outlined in the NASA work statement, the primary function of the meteoro-
logical sensors is to provide 24-hour surveillance of the Earth's cleud cover, and
measurements of the Earth's heat budget, during a satellite lifetime objective of one
year. Accomplishment of 24~hour surveillance requires an investigation of the pro-
blems associated with narrow-~field imaging over extreme variations in illumination,
ranging from the darkest night with no Moon, to high noon. Wide-field sensors must
be capable of operating under conditions where the Earth view encompasses sunrise
or sunset on one edge and a moonless night on the other. Additionally, detailed in~
formation is required on the variation of solar and terrestrial radiation intensity
within the field of view of the spacecraft as a function of the time of day.

Subsidiary studies which affect the meteorological sensors must include a state
of the art survey of applicable sensor tubes together with an understanding of oper-
ational advantages and limitations. Further, the meteorclogical sensors are the
critical payload of the satellite, and sensor resolution represents the basic para- |
meter against which all other trade-oifs are made. Comparative data must be de-
veloped to show the interrelationship between meteorological sensor parameters,
and the interfaces between the sensor system and other spacecrait systems.

The meteorological sensor study contained in this volume of the SMS inal
Report sets forth the essential cousiderations and requirements for the cloud cover
and heat budget sensory systems in compliance witl the NASA work statement and
satellite objectives. The succeeding sections of this volume are briefly described
in the following paragraphs.

Section 2 "Energy Considerations, " devclops a model from which estimates
can be made of the radiation incident on the meteorological sensors for both cloud
cover imaging and heat budget measurement. The section is divided into two parts.

- The first treats the problem of estimating and predicting radiation incident con the

senser, The various constituents of the visible spectrum relating to cloud imagin

iJlumination are identified and subsequently analyzed. A series of graphs and tables

are employed to egfablish {llumination levels at the sensor as a function of time of
day and the objert's geographical position. For the heat budget measurements, simi-
iar data i3 developed in the second part of the section, enabling estimates of soiar -
and terrestrial infrared radiation incident on the sensors to be made.

- Section 3, "Clond Cover Sensors-~Visible Spectral Region, " considers cloud
imaging sensor requirements and then proceeds to a comprehensive survey and
analysis., Comparsiive data on various photosurfaces, photoemissive tubes, and
photoconductive tabes, s well as bybrid and special types, are included. Theoretical
performance charactevigtics of idealized tudes are discussed and performance data



on sensor tube types pertinent to the SMS program are presented. Optical consider-
ations are included, covering the relationships between lenses, focai length. area
coverage and ground resclution, and the relationshipsbetween these factors and sensor
capabilities. Special techniques for improvement of dynamic range, operational re-
liability, and system optimization are discussed in a separate subsection. Finally,
systems are synthesized as representative of posgible actual configurations for min-
imum, and medium capability satellites, based on the working tables, charts and
graphs prepared.

Bection 4, '"Heat Rudget Measurement, ' describes sensor parameters and po-~
tential equipment designed to perform this function in the various satellite configurations.
The techuniques of V.E. Suomi are discussed; withk some modifications, these methods
are utilized for low and medium resolution measurements. Where high angular re-
solution coupled with reagonable thermal sensitivity is required, the use of optical,
rather than geometrical systems is dictated. Such a system, suitable for use in sat-
ellites which provides stabilization in three axes is described. With modification,
this system could also be used in a spin-stabilized vehicle.

Section 5, "Cloud Cover 3ensors - Infrared, " considers the use of infrared
techniques for performing the same general cloud cover mission described previously.
; The section discusses some of the characteristics and requirements of point detectors
¢ and infrared image tubes that are pertinent to their application in cloud cover imaging
i systems. An analysis of a typical mechanically scanned system utilizing a quantum
detector is also presented. Due to security restrictions, some data on infrared sen-
sor performance had to be included in Volume 7, which is classified, of this report.

Section 6, "Problem Areas, ' acknowledges the need for recognizing real and
, potential problem areas which could impede the successful implementation of the
2 meteorological sensor system. As a result of various studies conducted during the
3 course of the program, a number of specific problem areas hayve been identified;
these are discussed in this ser‘tion, with recommendations for feasibie solutions,
where possible.

.. - = 2
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SECTION 2 - ENERGY CONSIDERATIONS

A, SOLAR RADIATION CONSIDERATIONS

The SMS wil} be capable of providing day and night cloud cover information
and data on the Earth's heat budget. The radiations involve_d in these observations arc:

(1}  Reflected solar radiation from the Earth's surface

(2) Reflected solar radiation from the atmosphere (clouds)

(3}  Solar radiation scattered by the atmosphere toward space

(4}  Reflected moonlight and starlight (during nighttime observations)

(5)  Thermal radiation from the Earth

{6) Thermal radiation from the atmosphere

(7) Airglow (nightglow, twilight glow, etc.)

Up to the present time, considerably more work has been dene on sclar and
terrestrial radiation than on airglow and nighttime illumination. It is the intent

of this report to develop a model from which estimates may be made of the rad-
iation incident on the SMS ag a function of the following parameters:

(1) Surface from which the radiation emanates (geographical position,
altitude, reflective characteristies, temperature, etc.).

(2) Suvface-Sun relationship (solar altitude). This may be related
to the time of day, by consicering geographic position and season.

1. Solar Radiation

Normally, solar radiation returnedto space by reflection from the atmos-
phere, the Earth, and by atmospheric scattering mechanisms is grouped under a
general heading of albedo radiation. The often quoted figure of about 0.35 for the
Earth’s 1cflectivity (albedo) includes these effects and means that approximately
35% of the incident solar radiation is returned to space. The magnitude of this
radiation is dependent upon the incident solar radiation {(ingolation) and the albedo
values of Earth and atmosphere. For purposes of the present analysis, exact
values for insolation and albedo will be used together with a given set of surface-
Sun parameters to obtain the radiation incident on the SMS,

-

2. Solar Constant

The solar constant refers to the rate at which solar radiation is received
on a unit area surface normal to the Sun's direction, outsiae the Earth's atmosphere,
at the Earth's mean distance from the Sun. Since 1940, various values have been
published for the solar constant. These values tend to differ due to corrections for
the ultraviolet and infrared spectral regions which are measured with difficulty, and
changes in the absolute calibration factors of the instruments useu in the measure-~
ments. Table 2~1 presents a selection of published solar constant values.-
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TABLE 2-1
{ SELECTED CHRONOLOGICAL SOLAR CONSTANT VALUES
i (Howard, 1961)

Author Date Solar Constant Value
enl/em®min watts/m”
Moon 1940 1.896 1322
Allen 1950 1.97 £0.01 1374
Smithsonian 1952 1,946 1357
Johnson 1954 2.00 £0.04 1396
Stair 1956 2.05 1430

3. Optical Air Mass

RORTICRETNT JEODIITRN TN vy e, 4,

Optical air mass (m) is the ratio of the path length of radiation through
the atmosphere at any given angle to the path length toward the zenith. If the angle
referred to is measured frorm the zenith, the air mass will be approximately equal
to the secant for angles up to 62°. Table 2-2 presents values of the air mass as a
function of the solar altitude above the horizon, rather than the distance from zenith,
gince solar altitude has een used in the calculations.

TABLE 2-2
OPTICAL AIR MASS FOR VARIOUS SOLAR ALTITUDES
(Howard, 1261)

Srigr
3‘;‘;?222 1 2 3 4 5 6 7 8 9
0 -  26.96 19.79 15.36 12.44 10.39 8.90  7.77 6.88 6.18
. 10 5.60 5.12  4.72  4.37  4.07 3.82  3.59  3.39 3.21 3,05
20 2.90 2.77  2.65  2.55  2.45  2.36  2.27  2.19 2.12 2.06
30 2.00 1.94 1.8 1.83 1.78 1,74 1.70 1.66 1.62 1.59
40 1.55 1.52  1.49  1.46 1.44 1.41 1,39  1.37 1.34 1.32
50 1.30 1.28 1.27 1.25 1.23  1.22  1.20 1,19 1,18 1.17
60 1.15 1.14 1.13 1.12  1.11 1,10 1.09 1.09 1.08 1.07
70 1.06 - - - - 1.04 - - - -
80 1.02 - - - - 1.01 - - - -
2 1.00 - - - - - - - - -

(For a solar attitude of 44°, the optical air mass = 1.44.)
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4. Solar Ircadiance

P. Moon (1940) derived a spectral distribution curve and, using the solar
constant shown in Table 2-1,arrived as spectral irradiance values corresponding to
air mass = 0. He then calculated the atmospheric attenuation and olstained irradiance
values for several gpectral bandwidths and air mass values. Table 2-3 presents this
data corrected by a factor of 1,026 to account for the increase in the determined values
of the solar constant (1.95 /1.90). The tabulated values alsoc spply to a sclar constant
of 2.00 cal/cm? min. since the added 0.05 cal/em2 min. is the the wavelength regions
below 0.29 micron and above 2.4 microns.

Moon's calzulated data have been compared with observational data from
Miami, Florida, and the ratio of calculated to observed data was found to vary be-
tween 83 and 103%, indicating good experimental correlation.

5, Atmospheric Attenuation

Attenuation in the atmosphere includes both absorption and scattering
mechanisms which are functions of aititude, absorption and scattering media, and
wavelength of the incident radiation. For the present application, a reasgonable
way of approaching the problem is to consider attenuation in a homogeneous atmosphere,
combining all the above mechanisms into a single exponential attenuatior formula:

E=E, e X
where E = radiation intensity after passage through the
attenuating medium
EO = radiation intensity entering attenuating medium
a = attenustion factor of medium (1/length)
X = distance radiation travels in mediurn {iength)

TABLE 2-3
SOLAR IRRADIATION NORMAL TO SUN'S RAYS AT SEA LEVEL
(Corrected from Moon, 1940)

Irradiation (watts, meterz)

Bandwidth M=0 M =1 M=2 M=3 M =4 M=5
Microns 6 =90 6 =30 6 =195 6 =14.3 6 =11.2
0.29-0., 40 97.1 41.1 20.3 10.3 5.5 2.8
0.40-0.70 564.0 430.8 336.3 265.3 211.2  168.0
0.70-1.1 374.9 317.2 274.5 239.5 210.4 186.2
1.1-1.6 - | 166.7 97.8 72.2  58.5 49,4 41.8
1.5-1.9 74,7 52.1 46.3 42.1 39.0 36.1
1.9- o 89.1 131 9.4 BT 6T 6.0
TOTAL 1366.5  951.9 759.0 628.4 522.2 - 440.9

6 = golar altitude (degrees)
M =air mass




AT st wir ¢

f

e,

LARAIECR Tty

iy

The Earth's atmosphere is definitely inhomogeneous, but a model horcogeneous
atmosphere can be synthesized by using the "atmospheric reduced equivalent thick~
ness ;" that is, the depth of the atmosphere reduced to au equivalent depth at 0° C
and 1013 millibars (NTP}. Table 2-4 and Figure 2-1 present data on the atmospheric
reduced equivalent thickness (NTP), and H,. is calculated from the 1959 ARDC Model
Atmosphere. Again, H, represents the thickness of a homogeneous atmosphere at
NTP conditions existing above any altitude.

TABLE 2-4
ATMOSPHERIC REDUCED EQUIVALENT THICKNESS (NTP), H
(Howard, 1961)

Altitude H, Altitude H,
Z {km) - fgm) 2 fkm) (m)
0 7.995 10 2,098
1 7.084 11 1,797
2 6.277 12 1.537
3 5.538 13 1.314
4 4.872 14 1.123
5 4.272 15 0.9603
6 3.733 16 0.8210
7 3.251 17 0.7021
8 2,820 18 0.6003
9 2.437 19 0.5134
20 0.4391

The basic data is now available with which to develop a model and arrive
at the solution of the first part of the problem, which is the determination of the
insolatior on a horizontai surface as a function of altitude, solar altitude, and
radiation spectral bandwidth. The model consists of the Earth surrounded by a
homogeneous atmosphere (thickness 7.995 km) with attenuation factors dependent
upon spectral bandwidth. These factors may be calculated from the exponential
attenuation formula using a value of x = 7.995 km and values of E and E¢ taken from
Table 2-3 where E and E¢ corregpond to m = 1 and m = 0 data, respectively. Ounce
the attenuation factors have been determined they can be applied to any portion of
the homogeneous atmosphere, and in this way, irradiation normal to the Sun's rays
at a solar altitude of 80° may be calculated as a function of altitude. Using the nimos-
pherie reduced equivalent thickness H,. results in a straight line plot on semilog graph
paper. Table 2-5 presents the pertment data, including two end points for the curves;
altitude Z = 0 and 20 km corresponding to H, = 7.995 and 0.4391 km, respectively.

2-4
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ARBITRARY UNITS OF ATMOSPHERIC
REDUCED EQUIVALENT THICKNESS

Figure 2-1. Atmospheric Reduced mquivalent Thickness (km) as
a Function of Altitude (Data from Howard, 1961)

TABLE 2-5
DETERMINATION OF ATTENUATION FACTOR
AND LIMITING IRRADIATION VALUES

Microns | WatteoM? Watts /M2 Kl\i"}_ Wath/M?
0.29 to 0,40 97.1 41.1 0.1075 92.6
0.40 to 0,70 554.0 430.6 0.0316 546.0
0.70 to 1.1 374.9 817.2 0.0209 372.0
1.1 to 1,5 166.7 97.8 0.0666 161.0
1.5 t01.9 4.7 52.1 0.0450 73.2
1.9 toe - | 89.1 13.1 0.240 80.1

Eo corresponds to solar constant values (from Table 2-3)

Ej corresponds to Z = 0 km, Hy = 7,995 kx (from Table 2-3)
Eq corresponds to Z = 20 km, H, = 0.43981 km

A sttenuation factor ° :

Above figures apply to irradiation for solar altitude of 90°
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Figure 2~2 presents curves giving irradiation valees as fu-ctions of the atmos~
pheric reduced equivalent thickness. Provision for varying solar altitude must now
be included. This can be accomplished by use of the data from Table Z-3 if it is
realized that the geometry of the problem is such that for any height and solar alti-
tude, the ratio of the path length along the solar altitude line to the path length corr-
esponding to a solar altitude of 90° is a constant. 3ince a homogeneous atmosphere
model is being used, the ratio of the solar rudiation incident on a surfave for a solar
altitude of 90° is also constant, regardless of the altitude oi the surface. That ig,

E(Z=0,6-0) _ E(2=7,0=6 _
E(Z=0.6-90) - E(Z-Z é"’éo; Constent

IRRADIATION NORMAL TO SUN'S
RAYS~-SOLAR ALTITUDE * 90°

§ T ] 17
SPECTFAL
@« BANDWIDTH
TR (MICROMS) |
§ 500 —
NERRR o.iao?o.;o
3 07011
&
: 200
‘\N\
T
? [ g Li- 15
5 PR
50 DN ™ - 1.5-1.9
3 N T Nose-040
g AN
3 N
g 20 N
® \l.svw
10 & 11

ARBITRARY UNIYS CF . .TMOSPMERIC
REDUCED EQUIVALENT THICKNESS

Figure 2-2, Irradiation Normal {o Sun's Rays (Solar Altitude = 90°)

o~ ey



@mm

=

Ay SR ool ;;m: —&ma

A o -

P SPRPUNE R VR DN

= =24

| S——

o S ol

1

ey S e B cvves SN avu SRR vonid

2

3

“

Ths data of Table 2-3 permits calculation of this constant for different solar altitudes

(90°, 30°, 19.5°, 14,3°, and 11.2°). A sin 6 term must also be included since the cal-

culations must yield irradiation on a horizontal surface rather than on » surface

normal to the Sun's rays. For example, consider the zase of ¢.29 to 0.40 micron
10,3

bandwidth and zir mass of 3 (solar allilude = 19, 3°). The constant will be a1

(8in 19.5) = 0.0835. This means that the irradiation on a horizontal surface for
a solar altitude of 19.5° will be &.35% of the irradiation on ii.e surface for a solar
altitude of 90°. Furthermore, this percentage will hold for anr surface altitude.

Table 2~8 gives calculated values for the constants mentioned above, and
Figure 2-3 presents curves for the constants as functions of solar altitude. However,
it has already been shown thai the 90° solar altitule irradiation vuries with height
(as plotted in Figure 2--2). Therefore, giver a surface at a certain aititude and
solar altitude, the 90° irradiation can be obtained from Figure 2-2 and the depletion
constant from Figure 2~3. The product of the two ‘erms will give the solar ir-
radiation for any bandwidth of interest.

4
SPECTRAL BANDWIDTR
A-0.29-0.4C MICRON
B~0.40-0.70 MICRON
€-0.70~ 1.1 MICRON //

P11 1.6 MICRON
E~16-1.9 MCRON /
F-1.9~® MICRON

5

DEPLETION CORNSG/ANT
o
(5]

2

SOLAR ALTITUDE ~ DEGREES

Figure 2-3. Depletion of Radiation With Solar Altitude
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TABLZ 2-6
DEPLETION CONSTANTS FOR IRRADIATION ON HORIZONTAL SURFACEbS

Solar Altitude (Degrees)

friniee 90 30 19.5 14.3 11.2
0.29 to 0,40 1 0.246 0.0835 0.0330 0.0132
0.40 to 0,70 1 0.389 0.205 0.121 0.0756
0.70 to 1.1 1 0.432 0.252 0.1635 0.114
1.1 to1.5 1 0.369 0.200 0.125 0.083
1.5 to 1.9 1 0.444 0.270 0.1845 0.134
1.9 tow 1 0.358 0.196 0.126 0.0889
6. Albedo

Having determined the irradiation or a surface, the next step is to de-
termine the amount of this incoming radiation that will be reflected back through
the atmosphere to the SMS. Data on the albedo values of various surfaces are presented
first. Subsequently, the problem of estimating the portion of this reflected rad-
iation that is monitored by the SMS is considered.

The albedos of natural surfaces may be considered under three
classifications: surface features, water surfaces, and clouds. Figure 2-4 pre-
sents a fairly complete collection of data for surface featurcs. It can be seen
that the albedo has a wide range of values. The highest values apply for snow
or ice. For all surfaces except fresh fallen snow the albedo increases with
wavelength of irradiation. In general, the lowest albedos are found over water; how-
ever, the values do deperd on solar altitude. The data points used to plot the water
curve are from Fritz, 1951. The major contribution to the Earth's albedo (0.35) comes
‘rom the tops of clouds. Therefore, for the SMS application, clouds constitute the
most important surfaces to be observed. This is true because the :lbedo of most clouds
is higher than any surface other than snow or ice and water for solar altitudes less than
5 1o 10°, and because of their altitude, clouds receive more incident irradiation than
surfaces at sea level. Surface and aircraft observations have shown thst clouds are
generally encountered .ver a range of altitude varying from sea level to 18 km {(about
60,000 ft.). Table 2-1 presents some data on various cloud types, th= heights at
whick they occur, and albedo ranges. To further classify clouds, that part of the
atmosphere in which they usually cccur has been divided into three eétages {stages);
high, middle, and low. These étages overlap and vary with latitude with the approx-
imate altitude limits shown in Table 2-8.

It is now possible to consider any surface and obtain the irradiation (E)
on it and its albedo (A). The total radiation reflected from a surface will be (A x E).
Consider now the determination of the portion of (A x E) that is received by the SMS.

2-8
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CLASS 8 ~ BARE AREAS AND SO1L

1A -~ FRESH FALLEN SNOW
18 - SNOW COVERED WITH FiLM OF ICE
2 - LIMESTONE, CLAY AND SIMILAR BRIGHT OBJECTS
5 ~ SANDS, BARF. AREAS N THE OESERT, AND
SOME MOUNTAIN OUTCROPS

78— PODZOL, CLAY, LOAM AND OTHER SOILS,
PAVED ROADS AND SOME BUILDINGS
8c -~ BLACK EA..TH, SAND LOAM AND EASTH ROADS

| T I i S
A .5 8 N 3
WAVELENGTH {MICRONS)

CLASS C - VEGETATION

1A ~ CONIFEROUS FORESTS IN WINTER

1B - CONIFEROUS FORESTS IN SUMMER, DRY
MEADOWS, AND GRASS IN GENERAL,
EXCLUDING LUSH GRASS

IC — DECIDUOUS FORESTS IN SUMMER AND
ALL LUSH GRASS

{D — FORE®™. IN AUTUMN AND RIPE FIELD CROPS

4 5 6 2 8
WAVELENGTH (MICRONS)

Figure 2-4a. Albedos of Various Surfaces (Condron, 1961)
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Figwr 2-4b. Albedo Valuus for Water Surfaces ~ Direct Sun Only
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Cloud Genera
Stratus

Strato curaulus
Nimbostratus
Altecumulus
Aitostratus
Cirrostratus
Cirrocumulus
Cirrus
Cumulus
Cumulonimbus

TABLE 2-7

CLOUD ALBEDO INFORMATICN

Miles

.08-1.
. 19-2.
. 04-3.
.5-3.74

.95-3.74
.T4~8. 54
. T74-8., 54
.74-8.54
.3-8.54

0,12-8.54

W 00 B

DWW o OO

Height

Km

At

0.13-1.83
0.31-4.5
0.064-5.48
0.81-6.02
1.53-6,02
6.02-13.7
6.02-13.17
6.02-13.7
0.48-13.7
¢.19-13.7

Very dense clouds of extensive area and depth

Dense ci. .u8, nearly opaque

Dense clouds, quite
Thin ciouds

opagque

Albedo
{Percent)
56-65
56-81*
70-73

48-52
44-50*

16-23
70
70
78%
44*
55~62*
36~40%

* This data from Fritz, 1951, All other data supplied by NASA.

CILOUD OCCURRENCE INFORMATION

Polar
' Etage Regions
High 3-8 K
Middle 2-4 Km
Low -2 Km

TABLE 2-8

(Byers, 1959)

Type Clouds Usually
Found in ’Etage

Temperature Tropical
_Regions Regions
5-13 Km 6-18 Km
2-7 Km 2-8 Km
0-2 Km 0-2 Km

Cirrus
Cirrocumulus
Cirrostratus

Altocizmulus

Stratus
Stratocumulus

Altostratus is usually found in the middle ‘etage, but often extends higher.
Nimbostratus, cumulus and cumolonimbus extend through several levels,

2-10
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1. Detector Irradiation

First, the atmospheric attenuation factor for irradiation traveling frvm
a surface to the SMS is considered. By ressoning simiiar to that ured for determiaing
the solar irradiation on a surface, the irradiation reflected from the surfacs and
emerging from the atmosphere can be determined. Table 2-5 prerents the data noc-
gssary to plot curves of a depletion corstant (portion of brightness radiation emarging
out of the atmosphere normal to a surface as a function of the height f the surface
and spectral bandwidth). This {s based on the concept that the portion of radiation
emerging out of the atmosphere from the surface is the same as the portion of the
solar constant irradistion reaching the surface. For example, for the spectrum of

0.29 to 9. 40 micron this depletion constant would be %;%,—% = 0.423 for s surface af
H, = 7.995 km (sea level), and 22°S = 0.954 for a surface at Hy = 0.4391 km (20 km

altitude), Table 2-9 and Figure 2-5 present values of this depletion constant as
caleulated from data of Table 2-5.

10 \lﬁ\Q .
N I~ 070 - 1.4
\\\\r\;::::: 040 -070
15 -19
\ \ Ll -8
5 X M
\ N vze-040
)
SPECTRAL
L BANDWIDTH
(MICRONS)

DEPLETION CONSTANT

\{9 -0

"ou 2345678
ATMOSPHERIC. REDUCED EQUIVALENT THICKNESS ~ KM

Figure 2-6. Depletion Constant for Brightness Radiation Emerging Out of -
Atmosphere Normal to a Surface as Function of Surface Altiude.
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TABLE 2-~9
DEPLETION CONSTANT FOR BRIGHTNESS
RADIATION EMERGING OUT OF ATMOSPHERE NORMAL TQ A SURFACE

Bandw ldth H, (km)

Microns J,4391 e 7.986
6.28~0.40 . 0.954 0.423
0.40-0.70 D.656 0.717
0.70-1.1 6.991 0.845
i.1-1.5 0.958 0.536
1.5-1.9 0.979 0.687
1.8~ 0.839 0.147

The altitude angle of the ¥MS with respect to the surface must also be
introduced s a parameter. To avoid excessive computationsg, the easiest way to
accomplighing this is to considor the data of Table 2-3 and relate the solar aititude
angle to the SMS altitude angle. In this way, a depletion conatant may be obtained
which operates on the radiation emerging out of the atmosphere normal to the sur-
face; not on the solar constant radiation. This novmal radiation has been established
oy the depletion constants of Table 2-% and Figure 2-5. For example, referring to
Table 2-3, the depletion constant for the spectral region of 0.29% to .40 micrun with

an SMS altitude angle of 30° will be %—‘13—:—; = 0.434, Table 2-10 and Figure 2-6 present
values for this constant, ’

TABLE 2-18
DEPLETION CONSTANT FOR BRIGHTNESS RADIATION
EMERGING OUT OF ATMOSPHERE AS FUNCTION OF SMS ALTITUDE ANGLE
(Operates on the Radiation Emexging Normal to Surface)

Bandwidth _
Microns 90 30 19.5 4.3 1.2

0.29-0.40 1.0 0.494 0.250 0.134 0,068
0.40-0.79 1.0 0.780 0.615 0.489 3.389
0.70-1.1 1.9 0.865 0.755 ¢. 663 0.587
1.1-1.6 1.0 0.738 0.598 0.505 0.427
1.5-1.9 1.0 0.887 0,807 0.747 0.692
1.9~ 1.0 0.717 0.588 0.511 0.458

Beyond this point, it is desirable to limit discussion and illustrative
examples to the visible spectral region (0.40t0 0.70 micron). Moreover, in keeping
with present visible region convention, the system of uniis must be chauged from
watts to lumens. The following conversions may be used when treating the data:

2-12
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1 watt = 68¢ lumens &t ¢. 555 micron
1 wait = 244 lumens over 0, 4¢ to 0,70 micron huncw o -

1 watt per sq. meter =

microa bandwidth

1 meter candle = 1 lumen per sq. meter = 1 lux
. per sq. ft.
1 foot-candle = 10.76 .umens per sq. meter

i foot~zandle = 1 lun: -

GEPLETION CONSTANT

Figure 2-6. Depletion Consuant for Brightness Radiation Emerging
Out of Atmosphere as Function of SMS Altitude Angle

08

.

22.7 lumens per sq. ft. vver L. 20 to .70

DEPLETION CONSTANT FOR
BRIGHTNESS RADIATION
EMERGING OUT OF ATMOS-
PHERE A3 FN OF SNS
ALTITUDE ANGLE
{OPERATES ON RADIATION
EMERGING NORMAL TO
SURFACE)

SPECTRAL BANDWIOTH
A 029- 040 MICRON
MICRON

1

-

10

20 - 50
SMS ALYTITUDE ANGLE . DEGREES
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The Earth's atmosphere may be treated as a perfect diffuser, i.e.,

one that appears equally bright when viewed from any direction. This definition
does not include atmospheric attenuation effects which must also be taken inte ac-
count. The geometry of the problem is shown in Figure 2-7.
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Figure 2-7. Geometry of Irradiation Problem

irradiation on detector (lumens per unit area)

brightness of surface (lumens per unit area)

incremental areas (length2)

distance from surface to detector (length)

altitude of detector (22, 240 miles)

radius of the Earth (3960 miles;)

angle between R and the normal to the surface

90 - ¢ = altitude angle of SMS with respect to the surface
angle between R and the normal to the detector

view angle

Table 2-11 presents data calculated from the above geometry which
is useful in the analysis. The calculations for R, o, @, and w applicable to sur-
faces at sea level are assumed to be valid for surfaces at the altitudes of interest

PTG A s RS TR P A 2 0

(0to 11 miles). The determining factors then become the latitude and longitude over
which the surfaces exist. Figure 2-8 presents a fairly complete set of surface-SMS
relationships based on a set of lines of constan: SMS altiwde angles. These lines can
also be interpreted as lines of constant distance at sea level from nadir and constant
distance from SMS. The data are presented as functions of geographical (latitude-
longitude) locations.
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Figure 2-8, Lines of Constant SMS Altitude Angle for Surface at Longitude
(x) and Latitude {y}. SMS Qver Longitude 94° W, Latitude 0

Using the Geometry described above, the equation for the irradiation
on a detector due to a perfect diffuser reflecting surface is:
BLds CO8 ¢ CO8 ¢y
Ed=f 2
TR
In the present case, By, is an arbitrarily varying parameter and there~
fore only discrete reflecting areas will be considered. Also, note that O Sa<9”
or 1 >cos >0.988. ff cos vis assumed tobe a constantequal 1, the equationbecomes
g - ByScos¢
d e
7 R?

e pey pee

==
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TABLE 2-11
SURFACE- SMS GEOMETRICAL PARAMETERS

B o R = f+x P =90-¢
Degrees _I._)_e_gtrges Miles Degrees - Degrees
) 9 22240 0 90
10 1.77 22304 11.77 78.23
20 3.45 22517 23.45 66.55
30 4.97 22856 34.97 55.03
40 8.27 23304 46.27 43.73
50 7.31 23848 57.31 32.89
60 8.06 24461 68.06 21.94
70 8.52 25123 78.52 11.48
" 80 8.69 25808 88.69 1.31

Abovr data calculated from

tan o = 3960 sin 8 - gin 8
i A O = 26200-3960 cos p  6.61616 - cos 8

R =23260sin B

sin o
Intreducing the various attenuation constants yields
: _B.Scos ¢
| Bg= LR KKK
‘ TR .
where K1 = depletion constant due to solar altitude with

respect to the surface (Figure 2-3)

depletion constant due to atmospheric attenuation
from surface to SMS (Ko depends upon altitude

of surface and K3 depends upon SMS altitude angle)
(Figure 2-5, -6)

K

2Ky,

A depletion constant due to view angle and geometry of field of view
Scos ¥
is included in the RZ term.

The irradiation on the sensitive 'sqrface of the detector may be obtained

from:
2

E.=E M t
i d Si
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where

or

where 8 cos @

where

E { = irradiation on sensitive surface (lu.mens' per unit area)
E qa - irradiation on SMS aperture (lumens per unit area)

D = diameter of SM# aperture (in.)

Si = image area on sensitive surface d.in,)

= lens transmission factor

Use may now be made of the following relation:

Bcosd _ Y
R F2
2
F'Scos ¢
Si = 2
R
= area of surface projected at right angle to the viewing
direction R (8q, miles)
R = distance from 8 to SMS8 (miles)
F = focal length of optical system (in.)

Substituting the expression for Ep and 8; into the equation for E; yieids:
D2/4
B;Scos ¢ <‘ﬂ > 2

! TR . F“Scos @
2
E - BLD K1K2K3t
L yy

In addition, the following relation applies:
f/number of optics = %— ]
The expression for E4 then becomes:

E - BL K1K2K3t ) EbKIAK K.t

2 3
b 4(#/n0)? 4(f/n0)?
: BL = EbA
Eb = irradiation in lumens, or watts, per unit area on surface

normal to Sun's rays for solar altitude = 90° (dupends upon
altitude of surface) (Figure 2-2)
A = albedo of surface

If the visible spectral region is considered, and irradiation values

are given in watts per sq. meter. the following conversion will be useful:

1 watt per sq. meter = 22.7 lumens per sq ft. (foot-candle)
€0.40 0 0.70 micron)
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If the aperture lens is corrected for coma and spherical aberration,
it is impossible to have an aperture greater than twice the focal length. Thus, the
lens canhot have an f/aumber smaller than £/0.5. Considering the above expression
for E,, it can be seen that this limiting characteristic of the lens results in a value
of unity in the denominator.

An optical deplstion constant K| xaay now be defined:
_ 11
K, = 4(57110)2
then: E, = EbKIszi{aK o

Figure 2-9 is a plot of the optical depletion consiant as a function of the
f/ number of the optics with the lens transmission as a parameter,
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Yigure 2-%. Optical Depletion Constant as & Function of the f/number of
the Optics With the Lens Transmission as a Parameter
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8. Night Hllumination

The problems of night illumination and night observation are important ones
for the SMS, since approximately 90% of the time there will be night areas in the field
of view. To follow the progress of meteorological evenis on Earth, night observation
capability becomes a necessity. For the present, the assumpiion will be made that the
difierence between the nighttime and daytime terrestrial long wave radiation situations
iz negligible and this radiation will be ignored.

Night illumination on Earth is a composite of many contributing factors.
By far, the most important of these is moonlight. In addition, there are nightglow,
starlight, galactic light, and zodiacal light. These are usually grouped under the
heading "light of the night sky' and become important for meonless conditions.
Figure 2-10 presents a compilation of some estimates of night ground illumination
in the visible spectral region as a function of longitude degrees from the solar nadir.
(The curves are from a Hazeltine Corp. Report, dated 1963. The one-value estimates
are from GE/LMED and a Smithsonian report, dated 1939.) The curves labeled "Full
Moon, " "Quarter (Half-full) Moon" and ""New (No) Moon" apply to the illumination
along the equator when the Sun and Moon are both on the Equatorial plane. The general
agreement in values seems to indicate that 2 siinilar situation exists for the other curves.
In all cases, agreemeat well within an order of magnitude is obtained between the var-
ious data. Consider now the various contributions in order.
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Figure 2-10, Estimates of Night Ground Illumination -~ Visible Spectral Region
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a. Moonlight

The Moon is the predominant source of night-sky illumination on
Earth. The ratios of quarter Moon and full Moon illumination to no Moon illunination
are roughly 100:1 and 1000:1 respectively. This illunination varies over the Earth,
a5 4 function of cloud cover and terrestrial position. (See Figure 2-10)

LI

In reality, the Moon is a solar radiation reflector with a wavelength-
dependent reflectance (albedo). It reflects over the entire solar spectrum, but the
albedo decreases toward the violet and then drops sharply in the ultraviolet, as shown
in Pigure 2-11.

R e S

EE RS O 1 e

10

RELATIVE SPECTRAL REFLECTANCE
»

0
";.,_ 3000 3400 3800 4200 4600 5000 5400

WAVELENGTH v ANGSTROMS

4
§; Figure 2-11. Relative Spectral Reflectance of the Moon (Katzoff, 1962)

Recent studies indicate that the rising trend toward longer wavelengths continues
into the infrared. Since both the solar radiation spectrum and the Moon's albedo
are maximum in the visible region (0.40t00.70 micron}, it is convenient to con-
sider Moon illumination to be predominantly visible radiatic... Table 2-12 presents
the variation of lunar brightness with phase aagle, referring to the total light
received from the Mcon. Vulues are given for both the waxing and waning halves
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of the lunation. The Moon may not be treated as a Lambert reflector; the brightness
of the full Moon (corresponding to 2 Lambert sphere of 18.6% albedc or & Lambert
disc of 12.4% albedo) is too great in proportion to the brightness in the partial phases.
{Integration of Moonlight over all directions gives a value of 7.3% albedo, according to
Katzoff.)

b. Nightglow

For conditions of no Moon, the predominant source of illumiaation is
nightgiow. The term nightglow is used to designate rocturnal radiation emitted by
the Earth's upper atmosphere, other inan that due to surora. It consists of emission
in the visible, ulfraviclet, and near infrared sp.ctra.

TABLE 2-12
RELATIVE TOTAL BRIGHTNESS OF THE MOON
(Katzoff, 1962)

Phase Angle Phase Angle
(degrees) Waxing Waning _{degrees) Wexing Waning
0 1.6 1.9 80 0.121 5,105
10 0.810 0.750 90 0.C85 0.078
20 0.616 0.572 190 0.057 0.058
30 0.482 0.445 110 0.039 0.041
40 0.356 0.342 120 0.625 0.027
50 " 0.281 0.264 130 0.01¢ 0.017
60 0.220 9,204 140 0.0624 0.5096
70 0.167 .148

At night, the source has not been confirmed, but & pessibility is
we storage of chemical energy in the recombination of atcmic apecies into molecules.
Prominent compon:ats of nightglow emission are atomic oxygen iin2s at 5577 angstroms.
and 6300 angsiroms, & sodium line at 5893 angstroms, & molecular oxygenband in the nea
ultraviolet, and & kydroxyl rsdical band in the near infrared. Table 2-13 presents
some characteristics of the nightglow components., The rayleigh is a unit of intensity
of emission which is equal to 105 photons emission per second in 8 square cm column
extending up through the atmosphere.

An analytical freatment of the nightglow illuxiination on clouds has
been performedand is contained in a Hazeltine Corp. Report (1963). The detailed
derivations will not be repested here hut the resuits of an illustrative exemple from -
the report are presented. Basiouily, representative values of nightglow brightneas
and resultant brightness on the grourd toward zenith are sssamed. The illemiration
on a representative cloud due to this brightness is obtained aiong with the ratip of
loud illumination to nightglow brightness. These values ars &1l wavelength-de-
pendent. The parsmeters used for the exmnple ara:

(1) Cloudla, . - top at 16 km, albedo of 0.5
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(2) Optical system - 1/1.5, lens tremsmission of 0.9,
8~20 photocathode

@) A representative wavelength-dependent stmospheric
abeorption coefficient

() The other night-light sources mentioned previously are
assumed to provide additional cloud illumination cqual
to 1/2 that provided by the nightglow

TABLE 2-13
NIGHTGLOW CHARACTERISTICS
(Bates, 1960)
Messured

Nightglow line Zenith Photon intensity (rayleighs) Tempersature Deduced Altitude
or BandSystem Maximum Minimum Mean _ {degreesK) {km)

5577 518 62 259 190 25
6300 259 42 146 <700 <200
5893 488 25 148 851095
Me'nel, OH 6.7x10° 260 - 65(or~110)
200 75 or 95
Atmospheric, Oy 2000 150 82
200 75 or 95
Herzberg, O, 150 <200 7510 95
5390 contiuum 85t0 110

Integration over the visible spectral region resulied in the following photocathode
illumirations:
(1) 1.7 x 10”2 foot-candle due to nightglow alone
(2 1.2x 10'5 foot-candle due to Lambertian refiecting clowds
) © 8x10”° foot-candle due to uniform reflesting clouds

Contrast ratios are then calculated for the two cases:

(1) Lambertian reflecting clouds
-5 -5
Contragt = L-T1.AX10 _“LIxI0 _ o 149 - 41,49
1.7+1.2)x10
{2) Uniform reflecting clouds
-5 -5
(1.7+0.6)x10

Contrast =

The correct result is postulated to lie somewhere between the two cases {clouds
are neither Lambertian nor uniform reflectors). Each case of interest (particular
cloud cover, ground considerations, etc.) would juvolve esrontially the same pro-
cedurs &s cut'ined here and detailed in the Hazeltine report. The remaining com-
ponents df the "light of the night sky™ may be dismissed as being less imporiant
illumination contril. ors than the nightglow, -and/cr not documented sufficiently to
obtain any Hefinitive data. : ,
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9. Examules of Method

To iilustwrate the model and methods just outlined, examples are presented
for the determination of =ensitive surface irradiation as the equator is scanned from
0° longitude to 180° W longit-de, and determination of contrast rativs resulting from

- Max Irradiation - Min Irradiation
'y - -i
such data. The contrast ratio is Jlefined as Max Irrediati % 100%.

The examples presented are applicable to ine visible spectral regiou (® 0 to 9.70 micron).

Two Sun positions will he assumed:
{1)  Solar position over the equator at 0° longitude (6a.m. at nadir)
{2y  Solar position over the equator at 90° W longitude (SMS nadir)
(high noon at nadi—)
Two atmospheric conditions will be assumed:
(1) Completely clowdless comditions where the solar radiation
is incident on the ground
(2) Compietely clouded conditions witk uniferm cumulonimbus
cloud cover (albedo = 0.7) at 14 km

Two Moon positions will be assumed:

(1)  Fuil Moon; Moon over the equator at 180° W longitude

(2) Quarter Moon; Moon over the equator at 930° W longitude
(SMS nadir)

These will apply only to the case of the solar position over the equator at 0° long-
itude since for the other case, (Sun over SMS nadir) there is no night area in the SMS
field of view, and Moor irradiation becomes negligible. For the sesumed examples,
an f/0.5 optical system with a lens tranamission of unity is also azssumed (K, = 1).

Along the equator, the Earth's suriace consists of water Atlantic Ocean)
from 0 to 50° W longitude, land (northern section of South America) from 50 to 80°
W longitude, and water (Pacific Ocean) from 80 to 180° W longitude. The albedo of
the water surfaces will be determined by the solar altitude (dayiignt case) or by the
lunar altitude angle (nighttime case). The land albedc was assumed to be 0.1, crr-
responding to an average albedo for deciduous foresis in summer over the wavelength
region ~f interest (0.40 o 0.70 micron),

The basic equation fu. aaylight conditions is
Ei = 22,7 EbKIA K2K3KO foot-candles

where Ey, is exrressed in watts per meherz and the other components are as
previously explained.

Table 2-14 and 2-15 present dats on the sensitive su-face irradistion
and contrast ratios during daytime conditions for the two assumed soiar positicns.
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Thbe basic equation for nighttime conditions is

B =B, K AR KK,

where Em K, in foot-caxﬁdles, which represenis the Moon irradiation on a horizontal
surface, may be taken directly from Figuze 2-10, Values for Moon irradiation as a
function of altitude aye not available, However, only the visible spectral region and
reflected solar radiation are being considered. Therefore, the ratio of cloud ir-

radiation to ground irradiation, obtainable from Table 2-i4, will also apply tv this
case., This ratio is:

E K {clouds) _ 533
(grou.nd) 430

= 1,24

Tables 2-16 and 2-17 pressnt data on the sensitive surface irradiation
and contrast ratios during nighttime condiiions for the two assumed lunar positions.
Since it appears that the illumination values of Figure 2-10 represent solar twilight
irradiation {extending into refraction effects) from 90 to 100°W longitude {there is
no difference in illumination for different Moon conditions), the E values for this
region cannot be reliably calculated.

Figure 2-12 presenis a continuous plot of sensitive surface irradiation
for the case of Sun position over the equator and 0° longitude (Table 2-15) and the
two assumed lunar positions (Tables 2-16, 2-17). The {wilight and refraction zone
data, (shown dotted on the figure) are interpolations obtained by assuming that the
irradiation gradient between the day and night zones on Earth is ¢ smooth ong, It
is felt that this assumption does not introduce significant errors,

. SUN OVER 0 OEG LAT 0 DEG LONG.
MOOK OVER 0 DEG L AT, 30 DEG W, LONG.
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Figure 2-12, BSensitive Surface Irradiation - Sun Over the Equatcr
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The contrast ratios have not been plotied but, for the assumed conditions,

can be seen to vary between 45.5 and 98,1% with the majority of values being greater

than 90%.

While the examples discussed are for particular conditions, they serve the
purpose of illustrating the technique. The contrast ratios are specific in that they
reflect scene contraat between two limiting surfaces; the ground, and relatively
high aliitude, high albedo clouds. It is expected that the contrast betwsen surfaces
closer to each other in altitude and alhedo values can be much smaller.

B. HEAT BUDGET

The heat budget of the Earth and its atmosphere may be considered as three
problem areas:

(1) Reflection and abgorption characteristics of sclar radiation
with respect to Earth and the atmosphere

{2) Radiation of energy irom Eurth and the atmosphere
te space

{3) Radiant energy sxchange mechanisms between Earth
and the atmosgphere

The solar radiation problem has been treated in some detall in the previous
paragraphs. This consists of ultraviolet, visible, and infrared radiation having
wavelengths between 0,29 and 4.0 microns. Terrestrial radiation consists of
infrared energy, nearly all of which occurs at wavelengths beyond 4.0 microns,
radiated by the Earth-atmosphere system.

The first area of interest to be congidered will be the selective absorption
characteristics of the atmosphere. In general, the most eifective absorbing
component of the atmosphere is water vapor (Hy0). Although it normally com~
prises less than 3% of the atmospheric gases, it accounts for nearly all of the

‘g.aeous absorption of the terrestrial radiation. The only other noticeable con-

tributions o this absorption zre made by carbon dioxide (COg) and ozone (Og),
with the absorption by CO2 being at least an order of magnitude greater than that
of 0g. Figures 2-13 and 2-14 show the principal features of the absorption bands
and windows of the. a‘*mosphere. Since ierrestrial radiation is being considered
a lower wavelength limi{ o1 3 riicrons is established. For a black body at 380°K,
0.06% of the radiant energy is contained in wavelengihs below 3 microns; for lower
black body temperatures, this percentage figure decreases. The term "wmc}ow"
denotes a spectral region of relatively high transmittance lying between two re-
gions of low transmittance. In Figure 2-13, the absorption bands of H30, COy,
and Og are denoted, Figure 2-14 is an atmospheric transmission specirum
determined by water vapor alone, since the other two constituents do not have
absorption bands above 18 microns, Above approximately 23 microns, ro data -
are available, butitis assumed that complete absorption is obteined by Hzo wp
to the upper wavelength limit of interest, 40 microns, - - )

The amount of absorption is, of course, dependerit ugcn the concentration

-of the absorbing medium. In this regard, it is customary to use the foliowmg

terminology:
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° Water vapor concentration in the atmosphere is expressed in precipi-
table centimeters (pr-cm) of water. This measure of concentration is the thickness
of the layer of liquid water that would be formed if ail the water vapor traversed by
3 beam were condensed in a container of cross sectional area equal to that of the
beam. The precipitable water in an gir column through the whole atmosphere varies
from approximately 0.01 cm in extreme winter arctic conditions, to 10 cm in the
rainy season of the tropics.

® Carbon dioxide concenfration may be expressed in atmocentimeters
(at—o-cm). This is the path length in centimeters which would contain the same
number of molecules for a gas at NTP (0°C, 1013 millibars) as a column of arbitrary
path lergth, pressure and temperatura. Since the atmospheric abundance of CO
is-about 0.03% by volume, the absorber concentration of COy at ground level is about
36 atmo-cm per km of path length. Figures 2-15 and 2~16 give the transmiftance as
a functicn of absorber concentration in the absorption path for two of the absorption
bands of interest; the 6.3 micron (5 to 8 microns) band of HgpO and the 15 micron
(12 to 18 microns) band of CO,. The transmiftance values were measured under
reduced pressure to simulate conditions at high altitudes. The total pressures with
nitrogen were 125, 500, and 760 mm Hg, which corresgpond to altitudes of 42, 000
feet, 11,000 feet, and ground level, respectively,

Using the data just presented, an estimate can be made for the percent-
age of thermal radiation transmitted through the atmosphere for a given Earth black
body temperature. Congider the spectral band between 7 and 40 microns and assume
Ho O and COy absorber concentrations of 0.22 pr-cm and 30 atmo-cm respectively,
’I‘ﬁe transmittance for the 18 to 21 micron and 21 to 40 micron H,O bands has been
estimated from Figure 2-14 to be 30% and 0 respectively. For a oomplete treatment,
black body temperatures from 100 to 400°K are considered. This greatly exceeds
the expected range of Earth temperatures (200-300°K). Table 2-18 presents the
pertinent data and Figure 2-17 is a plot of the results.

It can be seen that the percentage radiation transmitted through the
atmosphere increases rather rapidly with black body temperature until a broad
peak region is reached between 300 and 400°K with a maximum of 41% at 3456°K.

Figure 2-18 shows a spectral radiance curve illustrating the above
statements. The upper black body curve represents radiation from the Earth's
surface when the surface temperature ig a reprecentative 288°K. In the atmos-
pheric window regions, this radiation escapes-to space. In the absorption bands,
the escaping radiation comes from the stratosphere, where a representative -
temperature is 218°K (lower black body curviy. In intermediate spectral regions,
the radiation to space falls between the two black body curves. The resnyltant
radiation spectrum to space is illustrated by the solid curve.
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It has been shown that by a series of assumptions and approximations, the
atmospheric transmission of the terrestrial radiation may be estimated. No effort
has been made to include the attenuation effects of particulate matter in the atmos-
phere, This would include dust, smoke, haze, industrial effluents, organic matter,
and other such materials, In addition, and most important, the effect ot absorption
by liquid water, as is found in clouds and fog, has been neglected. Measurements
indicate that the liquid has approximately the same absorption bands as the vapor
but with absorption coefficients nearly ten times as great (Byers, 1959). Around
10 microns, in the middle of the water vapor window and at a point at which the
absorption is least for liquid water, a water film 0.1 mm thick will transmit only
1/100 of the incident unreflected radiation. For average clouds, the lengti. of a
path through a cloud that would contain 0,1 mm of liquid water per unit cross section
would be about 160 ft.
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In subsectior A it was shown that cloud cover is perhaps the doniinant feature
in the solar radiation problem., From the ™ove statements, it is clear that clouds
also play a dominant part in terrestrial radiution consideratwons. Becsuse of
their great absorption capabilities, clouds may 12 considered as black body
radiators since they absorb and ro-emit radiation in all of the infrared wave-
lengths, including the water vapor windows. Normally, temperature decreases
with altitude. The cloud layer absorbs radiation from below and re-emiis rad-
jation bothk below and above. As far as radiation to space (and the SMS) is con-
cerned, the result is the creation of a radiation suvface as effective as the ground
but at a considerably lower temperature (cften below 200°K:.

In conclusion, some data on the expected leveis of terresirial radiation
may be presented. The magnitudes are known to vary as a function of atitude.
Table 2-18 presents values for the total outgeing radistior obtained from a meteor-
ological study performed by Baur and Philipps in 1934. (Ths .gble is from Johnson,
1961.) The values have been averaged cver a peric: of a day or longer but the
hourly variation between daytime and nighttime, values oan be ignorea as rot belng
excessive., ) )
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TABLE 2-19
. TOTAL LONG-WAVE RADIATION FROM THE EARTH AND ATMOSPHERE
Johnson, 1961)

Latitude Radiated Energy (watts per sq.cm)
degrees Jan. 21 March July 23 Sept.
0-19 U.0263 0.0212 0.0209 0.0206
10 - 20 0.0206 0.0210 0.0210 0.0211
20 - 30 0.0203 0.6204 0.0213 0.0213
30 - 40 0.0193 0.0194 0.0216 0.0218
40 - 50 0.0175 0.0175 0.0202 G, 0201
50 - 60 0.0164 0.0164 0.0195 0.0185
60 - 90 0.0156 0.0152 0,0189 0,0177

More recent estimates have been made by various investigators which
indicate:

® 27.9 mw/cm?2 z¢ 0° latitude to 18.1 mw/cm? at 90° latitude for clear
sky conditions. {Variation diminishes as skies become overcast, according to
Camack, 1962.)

° 20,9 mw/cm? at 0° latitude to 16.7 mw/cm? at 90° latitude, (No sky
condition mentioned, ir Cherney, 1945.)

® Recent preliminary results of data obtained by the Tiros Il meteoro—
logical satellite range from 19.1 mv/cm?2 over the East Central 1Jnited States
under heavy cloud conditions to 83.9 mw/. cm? over the desert in clear ckies.
(Nordberg, 1962).

It becomes obvious that terrestrial radiation is entirely dependent upon at-
mospheric transparency, which varie.. greatly depending principally npon the
presence or absence of water vapor, carbon dioxide, and clouds. It in likely that
definitive satellite data will be required before anything more than a crude estimate
of the Earth's thermal radistion environment can be given,
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SECTION 3 - CLOUD COVER SENSOHS ~ VISIBLE SPECTRAL REGION

A, GENERAL

The primary function of the SMS, as defined in the NASA work statement, will
be to obtain low and high resolution pictures of the Earth's cloud cover under «ll con-
ditions of incident lighting; thus, 24-hour coverage is required. Facters limiting the
ability of the camera system o meet this requivement include sensor avau..bility,
sensor resolution and dynamic rasge, and vehicle payload and power reqguirements.
The nzcessity for 24-hour capability restricts the sensor selection to low light level, -
TV -type imaging systems, such as Image Orthicons, Intensifier Orthicons, Image
Isocons, and, possbily, high sensitivity Vidicons. Infrared systems cffer another
possibility. Sensors suitable for use in the visible spectral region are csnsidered
in the present section; infrared cloud cover sensors are discussed separately In
Section 5, “Cloud Cover Sensors - Jrfrared. ™

Bection 2 has slready considered, in great detail, the energy levels which will
be available at the focal plane of the sensor optical system. Thus, data are provided
on the illumination and contrast levels for various cloud types and terrain features,
as functions of sclar angle, cloud altitude, and geographical position. Steliar, lunar
galactic, and airglow contributions are also considered. W.ith these data as a starting
point, it is possible to estimate the performance of a pumber of visual sensors for the
SMS application. Such an estimate is the purpose of this section.

In the following paragraphs, detailed requirements for the cloud cover sensor
will be establizhed. Such factore 2s resolution, contrsst, dynamic range, and signal
to noise performance of the sensor tubes and systcins will be established as functions
of ground resolution, time of chservation, optics, stabilization, data rates, etc. -
Earth coverage and satellite-Earth geometry will aiso be considered. Once the nec-
essary requirements are established, a comprehensive survey of existing sensors is
presented, in which devices such as Vidic¢ons, SEC Vidicons, Ebicons, Isocons,
Orthicons, intensifier tubes, image dissectors, and others are considered in some
detsil. In each instance, the sensors are identified by manufacturer (and model
munber, if possible) and data is presented on size, weight, power consumption,
regolution, dymamic range, and sensitivity. Comparisons ars presented of minia~
turized versus full size Image Orthicous, and electrostatic versus magnetic Orthi-
cons and Vidicons. Information is also presented on the effects of integration and
scan time variativn on sensor resolution and signal to noirs performance.

A theoretical analysis is given of the performance of an ideal imaging device
iu terms of statistical phenomena. The effect of contrast, 28 well aa theoretical
signal to noise ratios and limising resolution performance are presented. In both-
the anglysis and the summation of actual tube data, unly multiple scan operation at
normal commercial TV rates is considered, since neither significant analysis nor
detinitive performance {nformation was available on single scan sensor opersation.
Where single scan systems must be congidered, as in the 8MS application, extreme
care must be taken in utilizing the information presented, so that incorrect con-

-clusions ure not drawn. This matter is discussed in more detail in Section 6,

"Problem Areas."



et A P U R s TR 3%, ) g s Dl F ot e g . .
e L R R B O R R B S, T G T B TR R o S it S 0 SR 0 s PR 2

S A O S R TR R

Optical system design is then discussed. The relative merits of refractive
and reflective gystems are considered, and optical problems peculiar fo the cloud
cover sensing function are presented with regard to size, weight, resolution, image
motion, lens flare, fillering, thermal control, and nuraerous othex factors. Dii-
ferences between various possible optical systams are considered, and the character-
istics which render some of them suitable for the present application and preclude
the use of others, are discussed,

Special technigues particularly suited {0 the SMS application sre then con-
sidered. They inciude filter wheels, photocathode pulsing, and automatic iris
control for controlling brightness level variation over eight or nine orders of

itude ; semi-automatic control of operating parameters to improve dynamic
range capability; and automatic coatrol of beam current, vidso AGC, and band-
width rolleff to improve low light level performance and optimize vesolution,

The use of adjustable masking to occult sunlit portions of the Earxth's disc and
improve sensor performance when viewing the night portion of the Eazth is dis-
cuesed, as are Sun protectiondevices and certain other petentially useful techaniques.,

Based on data preseuted in these sections, an analysig is performed to determine
the sizes and develop the charavteristics of systems for inclusion in the 100 and 500
pound vehicles. The characteristics of these systems, including mechanicsl, elec~-
trical, and optical purameters, und expected performance, are summarized, In ad-

- dition, the interfaces between the sensor syst»m ano other vehicle systems are

consgidered,
B. REQUIREMENTS

The NASA work statement for the study of cloud cover sensors defines the con-
straints and objectives to be as tollows.

A study of sensors will be made, to establis.. a bagsis which will epable the
examination and assessment of sensor ahilities and trade-offs. Sensor resolution,
and subsequently the resclution of the SMS is the basic parameter. All other space-
craft trade-offs are, in one manner or another, measured against their effects upon
sengor resolution. To accomplish the one-year sateliite orbital lifetime required
by NASA, the design of the sensory system must reflect the highest technological
advancements, together with simplicity and reliability.

The sensors will provide wide area, full Earth disc, coverage of the
Earth's meteorological cloud complex, as well ag a narrow area coverage. The
objective will be to provide meteorological resolution of 10 miles or better at the
nadir for the full Earth coverage, and significantly better resolution for the narrow
field coverage.

The study and suvvey of sensors will include at least those listed in the fol-
lowing categories (which are within the time limits of this study program):

1) Vurious types of Vidicons (electrostatic, magnetic, ete.)

(2) Various types of Image Orthicong, (electrostatic, magneﬁc, etc.)

@) Dieletric tape cameras

{4) Special types of Imaging Sensors

3-2
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The use of a single sensor to provide both day and night cloud cover surveil-
lanus will be investigated. The problems associated with the sensor's abilities
te provide eatisfactory meteorological information when the full Earth digc en~
compasses daytime conditions on one edge of the Earth and nighttime conditions on
the othar will be examined.

During the study and survey of sensors the interrelation of inherent sensor
parameters, as well as the characteristics of ancillary instrumentation, will be
examined to provide additional comparative data. To do this, data will be developed
in at leasi the foll swing areas:

)
()
B)
(4)
©)
(6)
™

8

(9)
19)

Format size

Limiting resolution in TV lines and in TV lines per inch
Maximum signal to noise ratio

Type of shutter required

Dynawmic range

Sensitivity for maximum resolution in foot-candle seconds

Image storage time relative to the time for resolution drop
off to 2/3 maximum resolution

Optical characteristics required for a given ground resgslution
and illumination

Ground coverage in statute miles

Allowabie stabilization rates of satellite for ground smear of
one-half TV line. '

The objective of this study will be to fulfill the NASA requirements and to
develop the necessary comparative data that will make possible an intelligent eval-
uation of sensor and ancillary parameters for optimum performance.
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C. SENSOR SURVEY

While pnotographic film might prove to be a suitable recording medium, the
space environment, one-year orbital lifetime, and near real time data transmis~
sion requirements ~reclude the use of such a system for this application. To transmit
data to the groura, film would have to be processed in orbit and scanned to produce
a video-like signal for transmission to Earth. System limiting resolution would
then be that of the scanning device, and the inherently higher capability of the fiim
would not be properiy utilized. Equipment complexity, chemical limitations, and
size, weight, and power requirements, must rule out such a technique immediately.

Electronic imaging systems are attractive for a number of reasons. Coupled
with appropriate optics, these sensors are capable of meeting virtually any meteor-
ological resolution requirement, With appropriate mechanical or electrical com-
pensation, such sensors can accept a wide range of scene illumination conditions.
The video-type scnsor processes information in a form ideally suited for real time
and near real time data transmission. Finally, such sensors have been used in
space applications, and are being improved and upgraded in performance to meet
the stringent requirements of programs such as the SMS.

The basic element in a video camera is ithe sensor tube itself. While drive
and synchronization circuitry, deflection and focusing yoke homogeneity, and
recording medium sensitivity and resolution are sometimes the limiting factors
in the performance of a video camera chain, there is no fundamental reason why
any or all of these cannot be improved by the application of sound engineering prin-
cipies to the point where such limitations are removed. When effrrts are made to
eliminate such factors, the sensor tube itself invariably provides the ultimate limit
{o system performance. Consequently, any serious study of system capability must
begin with a thorough analysis of tube pe ormance.

In this section, a wide variety of video-type sensor tubes are considered. In
each instance, a brief discussion of tube construction and operation is given, so
that fundamental performance limitations may be more clearly understood. Operat-
ing characteristics of various tube types, based on theoretical calculations as well
as actual measurements,are presented. Characteristics such as resolution, sensi-
tivity, dynamic range, and signal to noise performance are compared for various
models of a tube type, as a preliminary to the system analysis (subsection F),
where the performance of various types of tubes is then compared to select and
synthesize specific systems,

The following discussion does not restrict itself to the more common video
sensor fubes, such as the Vidicon and Image Orthicon, but inciudes several others,
such as the Ebicon, CPS-Emitron, Image Dissector, Isocon, and Image Intensifier
Orthicon. In addition, attentionr is given to sensors which combine the character-
istics of two or 1nore storage media.

1. Photosensitive Surfaces

Television imaging sensors invariahly depend upon a photosensitive
surface for the primary generation of an electrical signal. In general, such sur-
faces are either photoemissive or photoconductive, depending upon the physical
process involved, and the sensor tube itself is frequently classified in terms of
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this primary process. Thus, for example, the Image Orthicon is considered
photoemissive, while the Vidicon is primarily photoconductive, Devices which
incorporate two or mere distinct processes are considered, for the purposes

of this study, to be combined sensors. The Ebicon is 8uch a sensor, sinecs its
primary electron production is by photoemission, while charge storage is
accomplished by conductivity induced in the target under electron bombardment,

As a process, photoemission 18 g manifestation of the photoelectric
effect, in which the energy of ar incoming photon (light quantum), which is di-~
rectly proportionalto the radiation frequency, is transferred to ciectrons in the
photoemissive surface, giving these electrons suificient energy to escape from
the surface. The energy which binds an electron to & particular solid is propor-
tionalto the work function of the material. This binding energy is the minimum
energy which must be supplied to the most energetic electrons in the solid to
remove them from the wolid. Most practical photoemitters have work functions
lying between 1 anG 2 electron volts. The sonsitivity of the photoemissive pro-
cess is generally expressed in quantum efficiency, as a function of wavelength;
i.e., at a particular wavelength, = quantum efficiency of 100% indicates that
each incoming quantum raises one electron past the material work function. For
incideat radiation of a particular wavelength, photoelectric current is propertion-
al fo radiation intensity.

Information on the absclute spectral response characteristics of
photoemissive surfaces is widely available, and typical curves which are fre- -
quently cited inthe literature are presented in Figure 3-1.
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Figure 3~1. Spectral Response Characteristics
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The 5-20 photosurface, which is a sodium-potassium-cesivia-autimony (Na-K-~
Cs-Sh) material deposited on a translucent substrate, possesses a broad, high
efficieacy sensitivity, with about 20% quantum efficiency at its peak spectral
reaponse of 4200 angstroms, 1% quantum efficiency at 7500 angstroms (in the
very near infrared), and a grealer sensitivity #a the 5750 to 7800 angsirom
range than any othev currently available photoemissive surtace, The S-17
photosurface, which is a cesium-antimony (Cs-8b) material deposited on a
reflecting substrate, dactually possesses = higher sensitivity than the $-20 photo-
surface up fo sbout 5800 angstroms, with a quantum efficierncy approaching 25%
at 3500 angstroms (Figure 3-2), However, itg sensitivity fails off so rapidly
toward the upper end of the spectrum (the S-20 photosurface being more than an
order of magnitude better in sensitivity at 7000 angstroms), that the S-2C photo-
surface is a more desirable material to employ in those applications where
substantial near infrared energy content is available. Such is the case here,
where cloud-reflected solar and similar spectrally-distributed energies are
utilized for viewing, since 23% of the solar energy content lies in the 5800 to
80060 angstrom wavelength band, while only 9% of the solar energy content lies
in the 3000 {o 4000 angstrom region. Indeed, the $-20 photesuriace appears to
have an undesirably high response in the 3000 to 4000 angstrom region, since a
considerable contribution from atmospheric scattering appears in this region in
the form of foreground noise. Optical filtering :may be required to reduce this
unwanted tight.
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Figure 3-2. Relative Quantum. Efficiency of Various Photocathodes
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Photoconductivity is the increase in electrical conductivily which occurs
when photons excite electrons to the conduction band or create holes in the valence
band of a sericonductor. This process may be accomplished with a thin semi-
conducting film, whose resistance per uynit volume varies with the intensity of
incident illumination. Photoconductive surfaces possess broader spectral character-
:stics than photoemitters, but their low light level sensitivity is limited primarily
by dark current; i.e., current drawn in the semiconductor under conditions of no
incident illumination, It will be seen later that dark current limitations prevent
most photoconductive sensors, for example, the Vidicon, from achieving the re-
guired level of performance of the SMS cloud cover sensor under night illumina-
tion conditions.

Consider now the consfruction and operation of various sensor tubes
faliing into each of these categories. Photoemissgive surface devices are discussed
first.

2. Photoemissive Devices

Sensors falling within the category of the photoemisaive devices in-
clude Dissectors, Iconoscopes, Orthicons, CPS~Emitrons, Image Orthicons, In-
tensifier tubes, and Image Isocons. Combination devices which may include photo~
emissive imaging sections, e.g., the Ebicon, have been arbitrarily placed in sub-
section C. 4 below.

a. The Image Dissector
The Image Dissector provides an excellent example of the count~

ing process which underlies all picture pickup devices., The scene to be transmitted
18 focused on .. conducting photoemissive surface (Figure 3-3).
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Figure 3-3. The Image Dissector
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Emitted electrons are then brought {6 a focus at unit magniZication at the other end
of the tube by a magnetic focusing coil. Here, the tube is closed except for a small
aperture whose size defines the dimensions of the final picture resolution element,
The entire picture is scanned across by the deflection coil so that the aperture sees
each portion of it once during every frame time, Electrons passing through the
aperture are counted by an electron multiplier whose gain can be made arbitrarily
high. At any instant, only those electrons originating in a particular picture ele-
ment pass through the aperture and are counted by the multiplier. The total number
of electrons passing through the gperture in the time it takes to scan a picture ele-
ment is a measure of the signal output of the device; the square roct of this number
is the signal to noise ratio referred to that picture element.

The Image Dissector suffers from poor sensitivity, and is used
only in those applications where high illumination levels are available, as in the
transmission of films or slides, its low sensitivity is due to the fact that only a
small fraction of the electrons emitted by the photocathode at any one time are
permitted to enter the electron multiplier. For example, if a picture resolution
of 1000 x 1000 lines is required, the light level on the scene would have to be one
million times greater thun if all emitted electrons could be counted. Obviously,
integration of all the light falling on the photosurface is needed if high sengitivity
is to be achieved. Actual performance data for the Image Dissector is included
in subsection C.6. Subsection C.5 contains comparative performance curves.

Advantages of the Image Dissector are its high resolution
capability (greater than 3000 lines), wide dynamic range (3 to 6 orders of magni-
tudey, linear light transfer characteristic, and absence of a thermionic cathode.
With due regard to these advantages, the low sensitivity of this device makes its
suitability for the SMS doubtful. Section 3 (Problem Areas) contains a further
discussion of this sensor.

b. The Iconoscope

This device is included primarily for the sake of historical com-
pleteness, and for the valuable insight which it provides on subsequent developmenis
in photoemissive devices. Charge storage is accomplished by what is effectively
an elemental array of capacitors. The photoemissive surface is formed on a thin
insulating sheet having a conducting coating (called the signal plate) on the reverse
side, Tube construction is illustrated in Figure 3-4. When electrons are emitted
from the photosensitive target, the surface charges positively at each point in pro-
pertion to the light intensity at that point, The charge accumulated at each point
is then converted to a video signal by a scanning of the surface with an electron
heam. As each charge element is neutralized by the beam, a current is induced
in the signai plate proportional to the total charge. The basic image-storage~scan
sequence described here is common to most video sensor tubes in use today.

The Iconoscope’s inefficiency arises largely from the high veloc~
ity scanning beam striking the target with sufficient energy to yield s secondary
amission ratio greater than unify. The target is driven positive (a result which is
not undesirable) but the sccondary electrons produced by the scanning beam fall
back on the target in unscanned regions, thereby partially erasing the picture stored
there, In addition, more secondary electrons land near the center of the target
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than elsewhere, producing shading in the picture. Efficiency of signal genera--
tion in the Iconoscope is only 5% of what might be realized if all primary photo-
electrons could contribute to the video signal. The weak collection field used to
gather photoelectrons in the tube also prevents attainment of fully saturated
emigsion, and further contributes to the low efficiency of the device.

TARGET
£ .

SIGNAL \L__
PLATE

—~——

PREAMPLIFIER 4——-—--1

1

Figure 3-4. The Iconoscope
c. The Image Iconoscope

The Image Iconuscope differs from the Iconoscope in that it
combines an imaging section with a high velocity scanning beam. The elsctron
image is generated by a conducting ptiotocathode (Figure 3-5). Sensitivity is
improved 5 to 10 times over the Iconoscope because he conducting photocathode -
is more sensitive than the insulating target surface, and also because the electron
image is amplified by secondary emisasion at the target. Otherwise, operation
is substantiaily the same as in the Iconoscope. Performance characteristics com~
pare with those of the Orthicon, which is described next.

The Icnnoscope was displaced over 20 years ago by more sznsi-
tive tubes for commerciul broadcasting, and is no longer manufactured in this
country. The Image Iconoscope ‘s still used in Europe, but it is also taing dis~
placed.
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Figure 3-5. The Image Iconoscope
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The velatively poor performance of both these tubes. com-
pared with other tubes currently availakle and in production in this country,
coupled with their massive size and relatively fragile construction, render
them unacceptable for satellite application. No further consideration is given
to either of these tubes in the remainder of the report, with the excepiion of
some comparative performance curves in subsecticn C. 5.

d. The Orthicon

The Orthicon represents 2 substantial improvement in perform~
ance over the basic Iconoscope design. Spurious shading and incomplete ulitiza~
tion of storage in the Iconoscope both result from the impact of the high velocity
scanning beam: the iow velocity beam used in the Orthicon eliminates these de-
fects, With this low velocity beam, electrons may be deposited only where a
positive picture charge exists, in an amount equal to the positive charge; there is
little or no interchange of electrons between different parts of the target. In
addition, a strong field may now be set up to efficiently collect electrons from the
photoemissive target.

While the advantages of a low velocity scanning beam are appar-
ent, such beams are difficult to control in practice. The beam may easily te
defocused or deflected by stray charges in the tube, and even by the picture charge
on the target itself, In addition, the heam must be deflected so as to approach the
tavget normally. The Orthicon accomplishes this by using a uniform 1aagnetic
focusing ‘ield extending the full length of the tube. In early Orthicons (Figuiz
3-6) slow speed vertical deflection was accomplished by a pair of deflection coils,
while high speed horizoatal deflection was obtained by a pai. of shaped plates.

3-10
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Later, improvements in deflection circuits made pcsasible a sirplex deslgn,
in which both horizontal and vertical deflection is obtained by the use of deflec-
tion coils.
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Figure 3-6, The Orthicon

In operation, the sccae is imaged on a photoemiussive, insulating
target, cllowing a positive charge pattern to i« es’ablished. The scanning beaimn
approaches the target with very low velocity, Where a positive charge exzists, some
electrons in the beam land on the iarget, neutralizing this cnarge The signal
plate on the opposite side of the target senses the fraction nf beam current which
lands on the target, and transmits this signal to the amplifier.

The output is proportional to incident light intensity over a wide
range. Low light level operation is limited primarily by TV amplifier noise; at
very high light levels, the scanning bear. ie easily defocused and defl 2cted by
potential differen~es or the target.

Perfor:. .ace linearity and freedom from spuricus shading re-
suited in wide use of this tube in this country and abroad for commercial broad-
casting in the 1840's. On the other hand, the limited sigral range of the tune
caused problerar in reproducing scenes having » wide contrast range. Further-
more, since the cathode potential of the target is metastable, a sudaen bright
flash of light can charge the target to the point where it is locked by % scanning
beam to the relatively siable potontial of the anade. A substantial period of time
is then required to return {ne target to cathode potential. Due to thise limitations,
and the existence of superior tubes of other type-, the Orthicon is not considered
further in this report. An improved design, the CPS-Emitron, is discussad velow.
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, e.  The CPS~-Emitron

%E The Orthicor. was introduced in this country commercially in
i 1940, and superseded a iew years later by the Image Orthicon. Further work
ﬁ? was done on the Orthicon in England, however, where it is called the CPS-

;5 Emiiron. A diagram of an improved CPS-Emitron is given in Figure 3-7,
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%’ié Figure 3-7, The CPS-Emitron

This tube produces high quality pictures and is used in some commercial
broadcasting. Recent improvements include the incorporation of a high sensi-
tivity tri-alkali (S-20) photosurface in the target, and the use of a fine screen,
closely spaced from the target, on the scanned side, The S-20 photosuriace
improves sensitivity by a factor of three over earlier versions of the tube, whiie
the screen prevents the abovementioned unstable target operation characteristic
of the Orthicon.

Detailed operation of the CPS-Emitron will not be considered
here, since it is essentially the same as that of the Orthicon, In its present form,
this tube represents a significant advance over earlior versions of the Orthicor,
and some perfcrmance data is presented in subsection C.5. However, because
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other tube types of comparakle or superior performance are more readily avail-
able in this country, no further serious conrideration is given to the use of this
tube in the SMS sensor system.

f. The Image Orthicon

The TV :ube most often used in commercial broadcasting today
is the Image Ortkicon. Developed nearly 20 years ago, the Image Orthicon and
tubes developed from it provide the highest sensitivities yet attained for most
advanced aspplications. The tube owes its high sensitivity to the use of an electron

image section and a signal multiplier.

A cross sectional diagram of the Image "-.%2-» - presented
in Figure 3-8. The scene is imaged on a semitranspa:: .’ - fees oY photocathode
which is deposited on the inside face of the tube. Er:ilisc w7 o - focused
by the coil, and accelerated to form an electron imes. it @ -o.

ALIGNMENT COiL FOCUS COlL

ELECTRON ELECTRON
MULTIPLIER \:msss;m (MACE SECTION
272772273 :
1 _RETURN BEAM '
- o :
FTTY __]  SCAN BEAM H

< -
N -

DEFLECTION YOKE TARGET

Figure 3-8. The Image Orthicon

surface of the target may be processed to give it a secondary emission ratio
. , Substantially larger than unity. The charge stored on che target can thus be
greater than that of the emitted electrons by a factor (y - 1), since yelectrons
are emitted from the tayget per incoming (trapped) primary photoelectron. A
fine mesh target screen collects secondary electrons and serves as a signal
plate in determining target capacitance. Target potential becomes a few voits
more positive in the lighter areas than in the darker regions, giving the same
polarity charge pattern which would appear if the target itself were photoemissive,
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A low velocity electron beam scans the reverse side of the
target, depositing electrons in correspondence to scene brightness, The resis-
tivity and thickness of the target film are chosen so that lateral leakage does not
degrade resclution, while transverse leakage through the film is still adequate
for clectrons deposited by the beam to neutralize the picture charge in one scan
period,

While a video output signal could be derived from the target
mesh, operation is actually achieved by passing the modulated portion of the
scanning beam which fails to be deposited on the target back into an electron
muitipiier which is Iocaled in the gun reglon., This modulated beem is referved
to as the return beam,

Return beam signal modulation is generally less than 35% and
provides maximum current in dark areas of the scene. Although beam noise is
present in the oufput signal and limits sensitivity at very low light levels, the
multiplier permits operation 4t signal levels considerably below the noise levels
set by the camera amplifier. A% higher signal levels, the useful multiplier gain
rapidly decreases, .

Before 1958, Imuge Orthicon targets generally consisted of a
thin sheet of semiconductirg glass accurately placed close {c the target screen.
Such targets often show irreversible shanges after many hours of operation, due
to ionic conduction. These changes result in image fading, afterimages, and
genaral performance deterioration. When prolonged exposure and chaxrge stor-
age are required, as in the present instance, it is advantageous to have a target
whose lateral resistivity is considerably greater than its transverse resistivity.
Since 1958, tubes have been constructed in which the giass target is replaced by
a much thinner film of magnesium oxide, about 500 angstroms thick, but of much
higher resistivity; in addition, tri-alkali photocathodes (S-20 respoese surfaces)
have teen incornorated in these tubes. The magnesium oxide film target meets
the necessary requirements of higher resistivity parallel to, rather than normal
to, its surface. Transverse resistivity is sufficiently low to ensure a short dis-
charge time-constant for TV operaiion, .ile lateral resistivity is high enough
to reduce charge spreading over the surface. The result is an improved image
resolution in normal TV operation, coupled with an improvement in integration
caoability, Since magnesium oxide is highly efficient as a secondary electron
emitter, multiplication of primary photoelectrons at the target surface is appre~
ciably greater than for glass. -Further, ionic conduction deterioration effects
are not found in such targets, resulting in improved tube aging characteristics.

Considerable data is available on the performance of Image
Orthicons, including tubes containing glass and magnesium oxide targets. General
manufacturers' data are presented in subsection C,6. Curves comparing Image
Orthicons with other tube types ma; be found in subsections C.5 and F,

g. The Image Intensifier Orthicon

The Image Intensifier Orthicon represents the cicsest approach
yet achleved to the theoretical performance of an ideal pickup tube at low light
levels. Figuve 3-8 shows a cross-sectional drawing of such a tube. Primary
electrons are electrostatically fecused onto the first intensifier screen. This
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screen i8 a glass membrane coated on the image side with an aluminum-backed
layer of fluorescent material; the other side is coated with a photocathede whose
spectral respense mafches that of the phosphor. Photoelectrons penetrate the
film, producing fluorescence in the phosphor. In turn, the fluorescence exciles
photoemission from the sensitized surface.
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MEMBRANE —~ SCANNING

BEAM
ELECTROR :
tMAGE
FORMATION
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ELECTRON
OPTICAL GUN

IMAGE

FORMATION
N VIDEQ
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=4 OUTPUT
THIN GLASS
ELECTRON
ALUMINUM TARGET MULTIPLIER
SCREEN FINE MESH
SCREEN
PHOSPHOR .
irdir's PHOTOCATHODE
ELECTRON [emcmon 5
- IMAGE IMAGE _ 01231328
FORMATION FORMATION INCHES

figure 3-9. The Image Intensifier Orthicon

With several thousand volts between cathode and intensifier
gereen, each primary electron can cause 10 to 20 emitted electrons. The en-
tire process may be repeated in a second intensifier section, with similar gain.
(Figure 3-y shows such a two-stage device,) Additional stages may be added,
but there is iittle advantage in going beyond two or three stages, as will be made
clear shortly.

For a two-stage intensifier, then, each electron leaving the
first photocathode will cause about 100 to leave the 1ast cathode and impinge on
the target: vach of these will produce about 5 secondary electrons from the
target. The target c=a thus be fully charged and peak white produced with a
primary optical image intensity 1/100¢h of that required by the conventional
Image Orthicon. Each primary photoelectren could produce about 506G ¢lectron
storage charges on the target, if all its daughter elecirons wers to reach the
target. In practice, about 40% of these electrons are intercépted by the target
mesh, so that only 60 electrons reach the target surface, to produce about 300

-electron charges on the target by secondary emission.

After deposition on the target, stored c‘hargas‘are read cut by
means of the usual low velocity Image Orthicon beam, and the modulated return
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beam signal is pacsed into an electron multiplier as in the Image Orthicon.

A total gain of several hundred prior to scanning is sufficient o raise the
stored signe! level 40 a point where fundamental noise from the primary photo-
cathode exceeds the scanning beam noise. Since tuis gain is reached in & two
or three stage intensifier, there is little purpose in adding additional stages.
Although a picture obtained at very low light levels is inherently noisy and
limited in resolution, the Image Intensifier Orthicon approaches the ultimate
in performance under these conditions. At higher light levels the signal to
noise ratio is comparable to an Image Orthicon having the same target capacit-
ance, Lut resolution deteriorates through *he successive imaging nrocesses.

Actual performance data, comparing Image Intensifier Orthi-
con8 both with vne another and with other tube types, are given in subsections
C.6 and ¥, respectively.

h. The Image Isocon

The Image Orthicon suffers from two serious disadvantages
in obtaining optimum signal to noise performance undex low light level conditions:
the beam modulation is comparatively low (approximately 35%) and the signal
polarity is inverted (i.e., peak refurn beam current corresponds fo black in the
imaged scene). Since both faults arise¢ from the heam scanning mode, some
other mode of operation appears to be desirable. ’

The Image Isocon’s operation is based on the scattering of
low velocity electrong by the target. Although a low velocity Image Orthicon-
type beam is used, only the fraction of the return beam which has been scatter-
ed by the iarget is admi‘ted into the multiplier, Since most of the electrons are
scattered by the most positive arcas of the target, and none from the dark areas,
the scattered beam has the desired polarity, and, theoretically, close to 100%
modulation can be achieved. Signal polarity inversion is achicved here without
interfering with the charge pattern polarity on the target. (Other ways of obtain-

. ing the desired polarity in the vides output sigral of Orthicon-type tubes have

been proposed from time to time, but these have generally involved tampering
with the target's stored charge polarity and distribution, which is undesirable.)
An additional advantage of the Image Isocon is that the target surface can be made
to have a reflection coefficient greater than 0.5, resulting in an actual signal
gain,

Image Isocon scan offers an attractive alternative to Orthicon
refurn beam scan, (Indeed, as shall be seen presently, it is possible to combine
both scan modes in a single tube type, and operate in either mode, as desired,)
The advantages of the Image Isocon mode are high signal modulation, high signal
fo ncise ratio, capability of handling an extremely wide dynamic range in a single
scene, and a signal polarity which gives a minimum output signal for minimum
photon input. '

The cost of these improved characteristics is increased elec-
tron optical complexity, since the electron optical conditions for separaiing
diffusely scattered electrons from those which are specularly reflected from the
targel are rather ¢ritical. In the Image Iso.:on illustrated in Figure 3-10, separa-
tion is carried out at the rim of an aperture placed at n antinode position in the
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return beam. A screen on the scanned sidc of the target is used to provide a
uniform decelerating field, since loss of resolution and spurious signal genera-
tion may result from beam bending near the target.

SEPARATION | SCATTERED
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REFLECTED STEERING STORAGE
ELECTRGNS  ELEGTRODE TARGET

Figure 3~10. Duasl Operating Mode Image Isc-on

The tube shown i3 operable in an Orthicon scan mode when an
axialiy-aligned scanning beam is used. The separation aperture is sufficiently
large for both scanning and return beam to pass unhindered. Isocon operation
is achieved by perturbing the magnetic fiela with the alignment coil {o produce
a fixed transverse velocity compeonent in the beam. Steering fields force the
return beam to straddle the edge of the separation aperture at a point where the
bulk of the scattered electrons is closer to the tube axis than the veturn beam -
reflected electrons., Flexibility in selecting the point along the aperture edge
where separation is to occur permits establishment of optimum operating condit--
ions,  Since the steering field cannot easily be made uniform over large cross
sections of the tube, steering is applied at a nodal point, where deflection is
small.

Orthicon mode operation for the tube illustrated is sgid to be
no more difficult to adjust than in the regular Image Orthicon. Transition from
the Orthicon to the Isocon scan mode may be made without interrupting the output
signal, making this mode easier to establish in the combined tube than in single-
purpose Image Isocons. The large opening of the electron multiplier j s a poten-
tial drawback, since spurious signals may find their way back into the multipliex
section, Tubes designed only for Image Isocon operation do not suffer from this
drawback. .
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Althougn 100% modulation is theoretically possible, spurious
scattering of electrons from surfaces within the tube limits beam modulation to
about 85%. Even in its present state ot development. the Image Isocon has im-
proved the signal to noise ratic 2 to 3 times over g wide range of light levels
below the full target charge region. In addition, the image Isocon has provided
at least an order of magnitude reduction in low light level threshold: an order
of magnitude greater dynamic range in a single scene; and highiight resolution
which is comparable te that of an ordinary Image Orthicon. Comparative perform-
ance dafa are presented in later sections of the report, but it is clear from the
foregoing discussion that further development of this devici secems a desirable
step in the effort to achieve the uitimate performance with pickup tubes.

3. Photoconductive Devices

When considering devices other than those discussed above, the
distinction between photoenrission as an imaging medium and other techniques
becomes somewhat obscure and arbitrary. Consequently, attention will 1.ow be
given to techniques which are cicarly photoconductive. Combined or special
sensors are discussed in subsection C. 4,

a. The Vidicon

The potential advantages ol sensitivity and zeduced complexity
of a photoconductive camera tube were recognized years ago. Photoconductive
and photovoltaic tubes were investigated extensively during the 1930's, but none
of these even began to compete in sensitivity with the Iconoscope, which was
then available. (This, even t..ough the latter tube type is quite inferior by current
image standards,) Photoconductive surfaces for pickup tubes were disecarded
until the advent of semiconductur devices in the late 1940's.

The Vidicon, resulting from this recent development, has gone
far to meeting its promise of reduced size and operational simplicity, While
Vidicons have not yet equalled the sensitivity of the best photoemissive tubes
described in subsection C. 2, some recent Vidicon-type devices are beginning to
show considerable promise even in this diraction,

The most common form of Vidicon, shown in Figure 3-11, is
a tube 1 in. in diameter by 6 in. long, magnetically deflected and focused, con-
sisting primarily of a gun and a target. More recent tubes, which are discussed
in subsection C. 6, have included 1/2 and 1-1/2 in, diameter versions, as well as
electvostatic models.

In operation, the gun projects a beam of electrons along the tube
axis. This beam is focused, aligned, and deflected by the magnetic coils shown in
the illustration. The beam travels in a field-free space as far as the mesh. The
end wall (Figure 3-12) of the tube is a flat glass plate which has a conducting trans-
parent coating, the signal plate, on its inner surface. This coating is connected
conductively through the ring to the signal resistance, and through a capacitor to
the grid of the first tube in the preamplifier,

There is a thin layer of photcconductive material on the conduct-
ing signal plate; amorphous geleninm or antimony trisulfide is often used, This
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layer is about 1 micron thick, so that light from the image formed on it by the
lens penetrates substantially through it, and lowers its resistar .e. When no
light fails on the photoconductive layer, its resistance is high, and its front
surface will be maintaiaed at catiiode potential by the continuous scanning action
of the beam. However, since a constunt positive potential {of somewhere be~
tween 10 and 40 volts) is maintained on the other side of the photoconductive
layer by the signal plate, a small positive current flows through the phote-
conductive layer, driven by the continuous scanning action of the beam across
the free surface of the layer. This steady dark currerl depends on the poten-
tialdifference maintained across the photoconductive layer., If must be small
compared with fhe signal current, and uniform from place to place orn the
photoconductive surface, otherwise it will contribuie noise and shading to the
video output signal.

When a scene is focused on the target, its conductivity in-
creases in the bright areas, causing the scanned surface to rise positively a
few volts during the irteival between scans. The beam deposits sufficient elect~
rons to return the scauned surface to ground potential, and in doing so generates
a video signal iu ine sigaal »lale lead. The target is sensitive to light during the
entire frame time, permittiag full charge storage.

The best photoconductive material avai.aiis «f present has a
response time that is appreciably greater than the frame timc 1 .sed in standard
TV operation, Thus, there is some lag from cne picture frame to the next, and
this constitutes the main limitation in tube sensitivity, This lag can become
objectionable in normal televising of moving scenes, if more than 5% of the sig-
nal properly belonging to one scene is carried over to the next frame. This may
be due to two different causes: 1) the scanning beam may he unable to discharge
all the charges built up on the mosaic, either because of lack of heam current
or because the target has too high a capacity; 2) the photoconductivity excited in
the dielectric layer may persist, and hence allow charging current to flow for
more than one fraine period. In the Vidicon, the latter is the main cause of lag,
The greater the average illumination on the dizlectric, the greater the percentage
decay in induced conductivity in 4 given period of time. Thus the lag effect is
lessened for brighter images, and becomes more serious as the scene illumina~
tionis reduced. In present Vidicons, it is the incidence of unacceptable lag which
sets a practical limit to tube sensitivity, since this becomes objectionable for
moving targets before the signal to noise ratic becomes excessively low. For
general TV purposes. a target illumination of 1 lumen/square foor is required;
but if the object is not moving, and lag is unimportant, the light level can be
reduced by an order of magnitude helow this figure before amplifier noise begins
to be objectlionable,

Currently, the Vidicon is used in applicaticns where its smaller
size and weight, lower cost, and simplicity of operation make it more desirable
than Image Orthicons. Such applications range from industrial surveillance and
process-control to commercial nroadcasting and scientific satellites. For remote
operation its size and simplicity are advantages, hutl under poor lighting conditions
picture quality is inferior to that produced by an Image Orthicon because of noise
and l1g,
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Smailer experimental Vidicons using the electrostatic principle
are under development; these tubes promise to advan. 2 the sensitivity and perform-
ance of Vidicons considerably within the next few years. Data on peiformance of
existing tubes, as well as comments on the r ewest experimental devices, arc pre-
sented in subsection C, 6.

4, Special and Combined Devices

Devices discussed in this subsection either represent combinations of
sensor eiements previously considered in subsections C. 2 and C. 3, or use tech~
niques which thus far have not been described. An example of the latter is the use
of materials which become conductive upon bombardment by primaxry electrons,
or upon emission of secondary electrons. In some instances, little more than the
basic design parameters have been set forth, since most of these devices are in
experimental or early developmental phases. Consequently, it is not possibl to
represent many of these tubes in diagrammatic form, and data is sketchy at best.
Where sufficient information is available, and the sensor appears to hold promise
for the SMS application, a generalized discussion is presented here, and perform-
ance dataare includedin subsection C. 6. Where information is inadequate, or
where the device does not appear applicable in its present form for use in the
cleud cover sensor package, all available information is presented in this sub-
section,

4. The Permachon

The Permachon is an optical input-electrical output storage
tube built by Westinghouse, which uses a special photoconductive storage mater-
ial, When exposed to light, local longitudinal resistivity varies with incident
light intensity., When scanned by an electron beam, the original values of longi-
tudinalresistance due to exposure are regenerated or maintained {or a consider-
able length of time. In no:'mal photoconductors, resistivity becomes stabilized
over the entire surface of the material after several passages of the scanning
beam.

The Permachon photoconductive surfece can thus store an
optical image for substantial periods of time, and then yermit the image to be
electrically read out, with what is claimed to be little or no loss of image fidelity,
New informetion may be stored only after erasure of the old image, a process
which taket anywhere from a few milliseconds to several seconds to accomplish,
depandiag on the erasure method. Rapid erasure requires that light from a flat
field source impinge on the Permachon faceplate; a minimum illumination of 20
foot-candle~seconds is required. A second method involves switching off the
beam fo. a period up to 10 seconds. Note that even in a slow readout system
the beam would have to scan the sensitive surface continually, to prevent erasure
between readout scans.

Two basic tube types have been developed thus far: the WL-7383,
which is similar to a 1 in. Vidicon in structure and operation; and the Wx-4025,
which is a 3 in, tube using Image Orthicon focus and deflection coils, a return
beam mode of operation, and an eleciron multiplier,
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Sensitivity of the semiconductor surface is rels. 'vely poor; a
minimura of between 0.2 nnd 0.8 foot-candle second illumination is required
on the faceplate for adequate performance, Maximum limitirg resclution 18
claimed to be 1200 TV lines for the 3 in. tube; the 1 in. tube will resolve 600
TV lines after 5 minutes of storage, and 450 TV lines afier i¢ minutes. Due

to its low gensitivity, the Permachon is not considered to be particularly use-
ful for SMS application.

b. The Ebicon

The Epicon, developed by Westinghouse, might be described
as a Vidicon with an image storage section. The storage target is a thin insulator
whose conductivity changes when bombarded by high energy clectrons; such a

material is referred to as an EBIC (electron bembardment~induced conductivity)
surface,

A diagram of an early version of such 2 tuhe is shown in Fig-
ure 3-13. Electrone from the photocathode are faocusged on the EBIC targci,
which consists essentially of a thin insulating layer backd by 2 conducting film
which is thin enough to be easily penetrated by electron.. A low velocity beam
from the Vidicon section scans the surface of the insulaicr , producing a high

I A o

field across the layer, and extracting a video signal from the conducting film,
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Figure 3~13. An Early Version o; :ae Ebicon
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The additional energy produced by the image section yields a
tube which is intermediate between the Vidicon and the Image Orthicon ir sensitiv-
ity. A storage time of 60 seconds or more should be possible, with a comparable
readout rate, but target uniformity and structural support problems must be
solved before this tube type can be seriously considered for space applications,

With a higher gain target and a return beam-electron multiplier
readout, the sensitivity of this tube could probably be improved to approach the
limits imposed by the photocathode; however, these modifications have not yet
been made. The relatively high target capacity permits a high signal to noise
ratio at large signal levels, but may cause poor moculation and capacitiv: lag
at very low levels, Target thickness cannot be made arbitrarily large, since
the bombardment electrons must penetrate the layer to yield maximum gain,

Westinghouse currently manufactures an Ebicon which is
optimized for the visible spectral region. This tube, the WX-4772, is slightly
shorter than the usual 3 in. Image Orthicon, and has a 3-1/2 in. diameter
imaging section. The tube is electrostatically imaged, focused, and deflected,
and has a field flattener built into the faceplate. Electron optics and target size
tend to limit resolutiun, which is currently about 400 TV lines at 10-2 foot-
candle photocathede illumination; the operating thresheld is about 10~ foot-
candle, Two other tubes, the WX-4532 and WX~4791, are also available. Roth
possess ultraviolet-sensitive photoc \thodes, and are cay ed Uvicons, the former
is identical in design to the WX-4772, while the latter has a magnetically focused
and deflected scanning section which provides superior resolution. Presumably,
the experience gained in developing these tubes would enable Westinghouse to
design an Ebicon with a magnetically focused and deflected scanning section,
resulting in improved performance over that of the WX-~-4772. Based on Image
Orthicon experience, the same comments would apply to the developmeut of an
Ebicon with return beam-electron multipiier readout. Since the results of such
a program would be a tube which, at best, miight approach the perforn:ance of
current Image Orthicons, this tube type appears to offer no -eal advantage over
Imsge Orthicons for ine SMS application.

C. Solid State Imaging

At least two devices using sold state imaging are currently in
early stages of development., The tirst, which is more properly an image intens-
ification device, uses alternate layers of photoconductive and electroluminescent
materials. If the target of an "Intensifier Vidicon" were to be so constructed,
light imaged on the first photoconductive layer would be amplified and possibly
shifted in spectral content within the electroluminescent material, and would
excite conductivity in the second photoconductive layer. This layer could then
be read out by a standard Vidicon beam secticn. While attractive in principle,
materials presently available would not yield a significant improvement in sensit~
ivity over current image tubes,

The second imuging system, currently under development by
Electro Radiaticn, Inc. (under contract to Jet Propulsion Laboratories) sand-
wiches ferroelectric and photoconductive layers hetween thin film transparent
conductors, in an imaging matrix system, A pulse is applied during optical
imaging, which changes the polarization of the ferroelectric layer in accordance
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with incident light intensity, While readout is presently accomplishad by a
flying spot scanner, later developments will include an electroluminescent
layer to complete the imaging.

Readout mechanization is complex, and the device suffers
from sensitivity limitations since it uses photoconductivity as the imaging
mechanism. The device is several years away from realization as a practical
image tube, and is unusable in the SMS program in its present stave.

d. The Intensifier Photoconducter Tube

In principle, it should be possible to construct a device which
combines an intensifier front end with Vidicon readout. Optics Technology, Inc.
is reported to be developing such a system by coupling an image intensifier,
througn fiber optics, to what is apparently a Vidicon-type pickup tube. In prac-
tice, such an intensifier Vidicon should have performance comparable to that of
the Ebicon, although ibey optics coupling losses may tend to degrade it some-
what. Even with a front end gain of 100, Intensifier Vidicon-type devices could
not equal the sensitivity of current Image Orthicons, and we "d possess the
additional disadvantages, for space applications,of requiring high voltage for
operation.

e, The Panicon

During Republic's SMS study program, the Itek Corporation
proposed the development ol a new imagc tube, which they designated the Panicen
(for Panoramic Image Converter). The tube would be a Vidicon-iype image con-
verter with a built-in rotating storage drum. The purpose of the drum is three-
fold: 1) it isolates the imaging section from the scanning sectiun, preventing
field interactions between these regions; 2) it permits readout to be made from the
gsame side of the surface on waich the information is written: and 3) it permits
image motion compensation in a spinning satellite, by suitably synchronizing the
rotation of the drum with the rotation of the vehicle. Two separate drive motors
are provided for drum rotation, so that exposure and readout times may be in-
dependently selected and controlled.

Twe different sensor designs have been formulated:; one wouid
operate in the visible spectral region, while the other would function in the inira-
red. The basic tube is shown in Figure 3-14. 1In the visible light sensor, the
imaging surface is photoemissive. This surface converts the optical image to an
equivalent clectrical image which is iinpressed on the storage drum. and read off
by a scanning electron beam. The imaging surface for the infra.ed system is
s bolometric, mosaic-type drum, having a comparatively short storage time,
Bolometric detectors a:e availahle, with tima constants ¢f 0.01 secend, which
could be built into such a sensor drum, The visible region Panicon drum wo /d
be constructed from an insulator which is either secondary electron emissive,
a8 in the Image Orthicon, or an EBIC material, as in the Ebicon.

Readout could be accomplished either with a direct heam Vidicon-
type gun, or with a return beam-electron multiplier Image Oxrthicon gun. To some
extent, the readout mode depends upon uire charge storage mechanism employed.
The usual type of secondary emission storage surface 2ould not properly be read

3-24

[N RVEY
.

o s



e

vy

out by a Vidicon-type scan. The EBIC surface, or a coplanar grid, seconuary
2mission surface, would be compatible with the Vidicon readout.
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Figure 3-14. The Panicon

It 18 estimated that £ Vidicon-type scan, with magnetic focus
and deflection, would cornsume less than 2 watts. Scans of this type are avail-
able in either elecirestatic or magnetic modes of operation. 1The eilec:rostatic
mc-de which is estimated to require less than 1/2 v «tt, is a far simpler, inher-
ently more sfable system. An Image Orthicon scan, magnetically focused and
deflected, would require severzl times the power. Regardless of tne scan mode,
the image =ection would probably be magn.tically focused.

Photocathode pulsing would be used to compensate for vaviations
in scene illumination cver a range of three orders of magnitude. liek estimates
tuat the Panicon wou’d fall somewhere between the Image Orthicon and the Vidi-
con in sensitivity,

In spite of its many attractive features, the Pavicon is on.v

in the conceptual stage and many formidable probloms await nolution before & 2r-
ivus congideration may be given to its applicatica in the SMS system.
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f. The Astracon

A family of image intensifier tubes, named "Astracons'' by
Westinghouse, is included as being generally representative of intensifier tubes
which are currently available, All these devices may be considered light input-
iight output transducers.

Typically, the Astracon consists of an input phiotoemissive
surface, four or five stages of transmission-secondary-emission electron multi-
plication in a dynode section, and an output phosphor screen. The tube is magnet-
ically focused. Neither electron beam scanning nor charge storage takes place
within the device; it can only act as a photon multiplier. Many Astracons have
sufficient gain to be capable of registering =ingle photoelectrons as visible
scintillations on the output phosphor,

The WX-4826A tube has a cesium-antimony S-9 photocathode
and a P-11 output phosphor screen. The tube has a brightness gain of 20,000
and is capable of resolving 1300 TV lines per picture diameter, on a 1 in. diam-~
eter screen, at a highlight illumination of 10~% foot-candle on the photocathode.
The WX-4826 tube is similar in design and construction, but has a lower bright-
ness gain (4000) and lower resolution (1100 TV lines per picture diameter).

The WX-4342 and WX~4701 tubes have cesium-antimony S-11
photocathodes and 2 P-11 output phosphor screen, matching the spectral response
of other photosersitive devices and photographic plates. The WX-4701 tube has
a brightness gain of about 2000, while the WX-4342 tube has a gain of 400, since
it has ouly four electron multiplier stages. Each tube gives 600 TV lines per
picture diameter resolution at low photocathode illumination.

While useful for many Earth-based applications, a light output
signal is undesirable in the case ot the SMS, since this signal would then have to
be viewed by a video camera for data transmission. Additional light loss beiween
the inteasifier and the video sensor would tend to degrade resolution performance,
Finally, the high voltage (typically, 30 to 836 KV) and high magnetic fields 400 tc
600 gauss) required for operation make the tubes undesirable for any satellite
application. Adequate image intensification would normally be available in the
imaging section of Image Orthicon or Image Isocon type tubes {c meet the require-
ments of the SMS program,

g. Dielectric Tape Camera

RCA's Astro-Electronics Division is developing several electro-
static tape cameras which are capable of electrically storving an optical image for
long periods ot time. The tape can be stored for future readout o” can be read-
out immediately. Readout can be made nondestructive (which might reduce resolu-
tion) or partially destructive. The tape is erasable in less than 1/2 second and can
be reused many times,

RCA is developing a 35 mm tape camera syste.. for NASA to he
used in the Nimbus program, Also under development is a 70 mm tape camera for
the Air Force (which is also sponsoring developments in improved tapes). Inform-
ation was obtained only in those areas where no security classification was involved,
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which restricted data gathering to the NASA sponsored program,

The electrostatic tape consists of four functionally separate
layers:

A transparent cronar (Mylar) supporting layer
A transparent corducting backing layer of gold

A higa quantum efficicney photoconductive layer

Wech oot ot ay delenide)
A . ayer of pure polystyrene, in which
/ e . tored

‘.he gold backing electrode is brought out along the edges of the

adjacent layers to prevent physical contact when the tape is rolled up for storage.
The optical image passes through the transparent supporting and backing layers,
and is focused on the photoconductor. The polystyrene layer faces an electron
gun.

Prior to using the dielectric tape, it must be prepared by scann-
ing the insulating layer with the electron gun while simultaneously illuminating the
tape with uniform light,approximately two to three times greater than the expected
highlight illumination of the suene. The electron gun used can be either the read-
out gun (which is a finely focused beam) or a separate flood gun. In this ""prepare"
mode, the potential tv which the dielectric layer is to be charged is established.
The energy of the flood gun is sufficient to liberate secondary electrons from the
targel (which are gathered by a collecting mesh). The photoconductive layer is
maintained conductive by the uniform illumination, and therefore the dielectric
layer is uniformly charged. All previously stored information is removed and the
tape is ready for optical exposure.

To record on the prepared tape, an optical image is focused
upon *he photoconductor while the flood gun simultaneously illuminates the dielec-
tric layer. The potential stored in the polystyrene layer can now discharge toward
zero under the combined influence of the flood gun and the photoconductive layer.
The time constant of the discharge is determined by the resistance of the photo~
conductive layer, whick in turn is determined by illumination variations in the
scene, At the end of the exposure period, the discharge process is arrested
and an electrostatic charge pattern corresponding to the optical image is fixed on
the tape.

In the readout operation, the stored charge image is scanned by
a finely focused electron beam. As the high energy electron beam scans the target,
secondary emission occurs in the dielectric layer., (The secondary emission ratio
is directly related to the stored charge.) The output video signal is taken from
a signal resistor connected to the backing layer. Readout can also be accomplished
by using standard Vidicon techaiques, or by using return beam modulation and
eleciron multiplication as in the Image Orthicon,
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Present requirements for NASA are a peak-signal to rms-
noige ratio of at ieast 100:1 in a 700 KC bandwicth. The primary source of
noise at this time is in the amplifier, as in the Vidicon. Ten gray steps re-
lated by ./ % are anticipated. The dynar ic range goal i® 32:1 in one exposure,
with a total range of up fo 64,1, Measurements of limiting resolution {about
10% response) indicate 90 TV lines per mm, which, on a 25 mm active width
(35 mm tape) corresponds to 2250 TV lines. The primary resolution limiting
device is the electron readout beain. #igure 3-15 depicts the general config-
uration of the prototype NASA Dielectric Tape Camera system. The sensitiv-
ity of the present Dielectric Tape Camera is comparable to that of the Vidicon,
approximately 0. (1 foot-candle-second. Improvements in sensitivity can be
made by adding an imaging section, and using return beam modulation with
electron mult’_jication, This would, of course, alsc increase the complexity
of the device,

In addition to using continuous tape in reel form, RCA has
successfully constructed and tested a Vidicon-type electrostatic charge storage
tube, in which the Vidicon {arget is replaced with a dielectric tape - 11get.

h. The SEC Vidicon

A new type of tube(called the "SEC Vidicon") based on cor. -
duction by secondary clectrons which are !iberated by primary electron hombard-
ment, is under development by Westinghouse. Experimental tubee of this type
have been built in both electrostatic and electromagnetic versions, using direct
beam readout. The tube econsists basically of a photoemissive cathcde in an
image section, the SEC (secondary electron conduction) target, and a direct
beam readout Vidicon gun. Photoelectrons are accelerated and focused -onto the
target at a primary voltage of approximaiely 10 KV. Secondary electrons pro-
duced by the primary electrons in the dielectric layer of the target result tn a
multiplication of the photoelectron image current. An electron beam reads and
erases the resulting charge pattern at the target, generating the video signal.

Under the impact of a primary electron, a large number of
free electrons are created within the layer, A fraction of these electrons escapes
from the exit surface of the target and is collected by the wall screen. The re-
maining electrons liberated within the target are normally not observed, since
they are absorbed after a number of collisions within the target material. How-
ever, if an electric field is applied across the target, these electrons can be
transported through the layer,

The electrons released in this fashion are the fres electrons

- traveling in the interpariicle volume of the layer, and should not be confused

with there electrons in the conduction band of the material, This statement is
based on response time measurements which show that the response of such ¢
layer is very much faster than that for solid state conduction. In addition to
free electrons created within the layer, electrons are probably also excited
into the conduction band, However, their contribution to conduction across the
layer is insignificant at normal target voltages, which correspond to a field

of only about 1 KV/cm, due to interparticle barriers,
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Typical SEC targets developed at Westinghouse are reported to
provide noiseless charge gains of 200 or more, together with fast response.
Limiting resolution of tubes constructed with such targets approaches 1600 TV
iines per inch. With charge integratior, performance exceeding that of typizal
Image Crthicons (operated at normal TV frame rates) is reported, and signal
to noise ratios of rmore than 100:1 have been ouserved.

While the SEC Vidicon must still be considered a laboratory
device, on the basis of its perfermance thus far it shows grent promise of com-
peting successfully with both Image Orthicons and Vidicons in time to come. Some
additional experimental performance data is available on the SEC Vidicon, and is
included in subsection C. 6.

5.  Theoretical Performance of an Ideal Imaging Device

When a scene is imaged upon the photocathode of a pickup tube, the
illumination pattern consists of 4 stream of light photons or quanta. The photo-
cathode responds to this illumination by emitting photoelectrons. On an average,
more photons arrive at, and photoelectrons are emitted {rom, that part of the
photocathode corresponding to a bright par{ of the scene. However, both the
arrival of photons and the emission of photoelectrons are random processes;
while the average numbers will be constant for a stationary scene if the average
is taken over a sufficiently long time, the number arriving or leaving in a short
interval may radically depart from the average. By determining how the eye
responds to pictures of random, discrete flashes of light, and by computing
statistical fluctuations in the photons comprising the image, a prediction can be
made of the performance of an ideal pickup device. Several such investigations
have been performed; they are listed in the bibliography at the end of thiz section.,

Reasoning that fluctuations in botk light and dark areas must inter-
fere with the ability of the eye to resolve a pattern, and using c¢~ta obtained from
a number of observers, Coltman described his results by the equation
~N

)

) (3-1)

Pmin = 1000 ( 28
c

where

Pmin = minimum number of flashes per second required to
recognize a 20 TV line bar pattern at a contrast C

- . . P white - P dark
C = contrast, defineda as B white

For an ideal black and white pattern, the population in the dark area, Pdark, in
terms of flashes per second, is zero and the contrast is unity. Pmin is the
population in the highlights (light bars), referred to the entire area of the test
pattern,

To translate this into TV terminology, assume an aspect ratio of 4:3
and a resolution N measured in TV lines per picture height. Coltman's equation
becomes

Pmin = § (%)2(1000) (—?é-f) =3.33 (-Zég ¥ (3-2)
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Tuis is the minimum number of secintillations per second required to resolve
a dark and light bar pattern of N TV Jines per picture height witk a contrast C
between the light and dark bars.

This equation gives the maximum sensitivity performance limit fox
any ideal image amplifying device, in which each electron leavivg the photo~
cathode results in a fash of light at the output, assuming the eye is the final
element in the system and the number of flashes used by the eye to perceive the
picture sensation is based only on the memory time of the eye. The memory time
of the eye has beer experimentally determined to be gbout 0. 2 second.

There is now sufficient information to predict ideal imaging perform-
ance. All that remains is to determine the number of flashes per second that can
be realized from a scene of given illumination., To determine the number of
photoelecirons available from the photocathode per second, the foliowing equaw
tions are ussd:

I = SEA (3-3)
p - SEA (3-4)
e
where
I = photocathode current in amperes, or coulombs per second
S = sensitivity of t}+ photocathode per unit area, in amperes

per lumen

E = highlight illumination on the photocathode (assuming the
entire photocathode is illuminated at highlight intensity)
in lumens per square foot (foot-candles)

A = area of the photocathode in square feet

e = charge of the electron = 1.6 x 10712 coulombs

P = number of photoelectrons leaving the photocathode per
second,

A typical value of sensitivity for recently developed multi-alkali photocathodes
(S-20 spectral response) is 150 microamperes per lumen. Using s 3 in. image
tube with a 3 x 4 aspect ratio and maximum useful diameter of 1.6 in,, the
area is 8.5 x 1073 square feet. Substituting in Eq 3-4,

-4 goul/see -3 lumen
1.6x 10 fomen ~ X 8.6x10 " sq.ft. x Emsckft.
-18 coul

1.6 x 10

P =

/electrnn
8 x 1012E

Substituting this result into Eq 3-2,

2
2_C 12 ;
N'= 30 (2.4) 10°°E (3-5)

P
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A plot of this equation i8 shown in Figure 3-16, It can be seen that
an ideal dcvice cannot resolve better than 150 line« at 10~8 font-candle on the
photocathode for a 190% contrast scene. For a reduced contrast of 50%, the
required illumination must tncrease to 5.5 x 10-8 (5.5 times), while if the scene
contrast is only 10%, the llumination must be increased 180 times,

10,000
IDEAL IMAGING DEVICE i
5 0.2 SEC EXPOSURE TIME ]
150A/LUMEN PHOTOCATHODE
PHOTOCATHODE GiA. =2 1.6"
2 cnocy./ P
A ees0% /
w A
3 / /
= C=20%
-
> 8 / /
- /C'IO% /
£ 100 / > <
-
: e
2 //7,
o =3 / -8 7 3 5 -4
10 10 10 10 10 10

HIGHLIGHT PHOTOCATHORE ILLUMINATION ™ FOOT-CANDLES

Figure 3-16. Effect of Contrast on Resolution

A word of caution is necessary concerning sensitivity ana spectral
response., Photocathodes are generally rated by exposing them {o radiation from
a tungsten filament operating at a color temperature of 2870°K. This source is
set to produce a visible light flux of one lumen on the photocathode, as measured
by a photometer having u spectral response approximating that of the "average"
observer. The measured photocurrent is the response in microamperes per
lumen, This definition ignores the fact that the tungsten light source radiates
more strongly in the infrared region than it does in the visible, and the photo~
cathode may respond to the infrared as well as the visible, Thus, in theory. it
ic possible for a surface to have no visibie response and yet, because of its infra-
red sensitivity, exhibit a sensitivity of 50 microamperes per lumen, The
definition and measurements must be properly interpreted, since the lumen is a
measurement only.of visible radiation,
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A measurement of the response to 2870°K light is completely useful
only when the light reaching the photocathode from the scene has the same spectral
distribution as a tungsien light at 2870°K. For all other sources, whenever accurate
predictions are required, the product SE in Egs 3-3 to 3-5 must be determined from:

SE = | S(MEMAA

over the wavelengih region where neither $ nor E is zero. S (X) is the spectral
response of the photocathode in amperes per watt per unit wasclength, E(A) is the
spectral distributicn of the incident radiation in waits per unit wavelength, and A

1s the wavelength,

In Figure 3-17 the performance of ideal imaging devices is plotted as
derived independently by Hall and Weimer, There is close agreement between the
performance curves of the ideal deviczg, although different assumptions were made
in the derivaiions. Image Intensifier Orthicon curves are also plotted. It is in-
teresting (and surprising) to note that the measured performance exceeds that of
the ideal device over a considerable range of illumination. This apparent discrepancy
is probably due in part o spectiral response in the infrared, as mentioned in pre-
vious paragraphs. Additionally, when operating at low iilumination levels (and
therefore low beam currents) target iag increases. It would appear that if the lag
exceeds the 0.2 second integration time of the eye, the integrated light flix actually
seen by the tube will exceed that for the ideal device, and the tube will therefore
exhibit higher resolu.ion.

An additional plot of some interest is due to an analysis by Weimer

{Figure 3-18) which shows the calculated aignal to noise ratios for various types of
camera tubes, assurning in each case the most sensitive photosurface currently in
wide use. The scanning peric is taken to be 1/30 second, utilizing the 9.2 second
integration time of the human eye would increase the effective ratios to some extent
at any given value of photosurface light flux. The Image Intensifier Orthicon, wide-
and close-spaced Image Orthicons, and Image Dissector all assume photocathode
sensitivities of 150 microamperes/lumen; the CPS-Emitron and Iconoscope assume
sensitivities of 75 microamperes/lumen; the RCA C74008 has a nonporous photo-
conductive target, while the experimental Vidicon uges a porous photoconductor.

The sxtremely poor sensitivily of the Image Dissector, due to its lack
of storage capability, is clearly shown. As stated earlier, this tube requires five
orders of magnitude more nhotosurface illumination than an ideal device to gehieve
corresponding signal to noise performance. The Iconvscope is also shown to be
decidedly inferior to other tube types which are currently available. These curves
are based partly on measurement, and partly on the use of Weimer's equation:

8

R=(C/t) /EAtE 1.01x10 (3-6)

ratio of the peak io peak signal to RMS ncise

where R =
(EAt) = integrated light flux (lumen-seconds) falling on the
photocathode during exposure time t
L = the TV iine number corresponding to the resolution of

the piocture to be transmitted
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® = the quantum yicld of the photocathode
¢ = contrast, as defined in Eq 3-1
a, Effects of Slow Scan Operation

Under conditiong of low incident illumination, some increased
performance can be okbtained by a technique comparahle to time exposure in
photography. In this case the fraine rate is decreased, corresponding fc a ionger
interval between readout scans. If the pickup tube is capable of integrating the
light fiux in this interval, an increase in sensitivity can be realized.

Sheiton and Stewart have shown that the light level required to
achieve a fixed signal to noise ratio cecreases directly with frame rate for the
Image Orthicon, and decreases with the 3/2 power of the frame rate for the
Vidicon. Experimental data were taken for two Image Orthicons (5820 and 6474)
end two Vidicons (both 6326). Figure 3--19 shows the increased sensitivity for
both tube types. 'The significance of these curves lieg in the trends they represent,
rather than in their absolute velies., The Image Orthicons used were both of the
glass target variety, whereas the most sensgitive tubes presently used incorporate
metal oxide thin film targets. To obtain useiil data at low frame rates, it was
necessary io reduce the tube temperature to obtain increased resistivity (and hence
jntegration time). In the case of the Vidicon, performance at long frame times
is a compromise between target voltage, resolution and dark current. Several
additional reasons are presented in the article for considering trends rather than
absolute magnitudes.
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Although the data referenced above were taken 6 years ago, e:i-
perimentation at astronomical observalories using the new high sensitivity tubes
also indicates improved performance at longer frame times. While quantitative
data are not complete, storage times of greater than 5 minutes have been observed
with no perceptible degradation, (See subsection C.6 for more informotion on these

phenomena.)

Slow-gcan techniques are useful only when the gcene heing viewed
has no motion during the scan frame time. If is not anticipated that the scene
viewed from the SMS will have motion during a few-second intexrval. However it
is possible that the vehicle may have angular rates which can result in image
motion during freme tirme, Figure 3-20 shows the angular rate control required
to restrict image smear (measured in feet on the ground) to allowable limits as a
function of exposure or frame time. For example, if a 1 mile ground smear is
tolerable, and a frew ~ {ime of 10 seconds is used, the vehicle's angular rates
must be controllec . .. etier than 2.5 x 10-4 degree per second.
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6. Sensor Tube Performance Data

Many sensor tube types have been considered in subsections C. 2
through C.5; until now, the treatment has been largely theoretical and general
in nature {with the exception of subsectiong C. 4 and C. 5, which presented some
performance data). Based on the results obtained thus far, the sensors listed
in Table 3-1 are not considered applicable to the SMS cloud cover system, for

the reasons indicated,

TABLE 3-1

SENSORS UNFIT FOR THE CLOUD COVER MISSION

Sensor

Image Digsector
Iconoscope; Image Iconoscope
Orthicon

CPS~-Emitron

Permacon

Panicon
Astracon
Solid-State Imaging Devices

Intensifier Photoconductor

Reason_

Poor sensitivity; no storage capabilitr
Poor performance; no longer manufac.ared

No ionger manufactured; performance is
exceeded by other available sensors

Not manufactured in tue United States;
performance is equalled or exceeded by
other existing tubes

Poor sensitivity; performance character-
istics do not match SMS operational
requirements

Too highly conceptual in nature at
present time

No storage capability; very high voltage
(over 30 KV) required for operation

Too early in development stage to predict
performance with confidence

Requires very high voltage (15 to 20 KV) for
operation; probable performance is equalled
or exceeded hy existing sensors

With the exception of the Image Dissector, no additional information
will be presented here on any of the sensors listed in Table 3-1.

A number of tube types diccussed in subsections C. 2 through C.5
appear to oifer some promise of meeting the SMS cloud cover imaging requirements,
These include Image Orthicons, Image Intensifier Orthicons, Image Isocons, Vidicons,
the SEC Vidicon, the Dielectric Tape Camera, and the Ebicon. The Dielectric Tape
Camera and the Ebicon have already been described in as much detail as available
in subsection C.4. More complete performance information, including actual tube
data, is presented on the remaining sensovs in the following paragraphs.

a, Image Dissector Performance

The ITT Laboratories of Fort Wayne, Indiana, is the primary
manufacturer of Image Dissector tubes. They list four models ( FW-110, FW-122,
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FW-125, and FW~146) as being representative of this device, Specific information
is currently available only on the FW-122 and FW-146, and this data is tentative.
These tubes are 4 1/2 in. in diameter and 13-3/8 in. long, without magnetic deflec-
tion or focus coils for the image section; typical coils for the FW~146 are 7 in, in
outside diameter by 14-3/4 in. long, and weigh 16 lb. The FW-146 tube is normally
supplied with an 8-1 photocathode; the FW~-122 and FW-125, which aie mechanically
similar to the FW-146, are available with S-11 or S-20 photocathodes, as desired.
The FW-110 is a smaller tube, packaged by ITT Laboratories in a camera head

3 in. in diameter by 11 in. long,

The resolution of Image Dissectors is claimed to be as high as
3000 TV lines, which exceeds the capability of other photoemissive tubes by a
substantial margin., The transfer characteristic of Image Dissectors is nearly
unity ¥ over wide ranges of illumination,

Since the multiplier gain per stage averages 3.1 at 150 volts,
overall gain of these tubeﬁ (which contain 11 secondary emitting dynodes and an
anode in cascade) is 3.1*" or 250,900. While this gain is some 500 times greater

than that available in the multiplier section of a typical Image Orthicon, the Orthicon's

storage capability and image section gain result in far superior performance under
all but the very highest illumination conditions. The equivalent electron gain of the
Image Orthicon, from photocathode to load resistor, is typically 1000 times greater
than that of the Image Dissector.

CBS has developed an image tube, the Cl-1147 Reconotron, which
is an electrostatically deflected and focused Image Dissector. The tube is 1-1/2 1n.
in diameter and 6-7/8 ir. long, with a multiplier section designed like a 12-stage
photomuliiplier tube. With a gain of 107, this tube lies between the standard Image
Dissector and the Image Orthicon in sensitivity, and has a limiting resolution of
1000 TV lines per in, over a 0.6 in. diameter area. The Reconotron does not con-

tain a storage target, and hence suffers from the same disadvai tages as standard
Image Dissector tubes.

b. Vidicon Performance

A detailed discussion of the design and construction of Vidicons
is presented in subsection C. 3, and will not be repeated here. The original Vidicon
design used magnetic focus and deflection. Recently, electrostatically focused and,
{inally, fully electrostatic tubes have been developed. As with other scaniing beam
imaging tubes, the Vidicon beam must land on the storage surface at close to normal
incidence to preserve shading uniformity in the picture and yield maximuin edge
resolution. This requirement is met in magnetically deflected tubes by accurate
alignment of the beam with the center of deflection. Electron optics problems
complicate beam control in the electrostatic case if conventional deflection plates
are used, so most succesaful tubes of this type use the "deflectron' principle; i.e.,
an electrostatic deflection system having one center of deflection,

Magnetically deflected Vidicons are available in 1/2, 1, and
1-1/2 in. diameters; electrostatic Vidicons are presently consiructed ~ 1 and
1-1/2 in. sizes. Larger tubes are manufactured by some European companies,
but only tube types fabricated and currently available in the Uniied States have
been included in this sensor survey.
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Before reviewing some collated tube data, it is of interest to
consider the form In which this information was made available., Mosat tube man-
ufacturerg iend to present comparatively little data in their standard data sheets;
this is particularly true of sheets which carry designations such as "tentaiive
data,''"'developmental device," or some equivalent qualii;ing statement, On shects
describing existing tube types, more information is arailable, but even here
different companies tend to emphasize different performance data 28 being ig.fti-
cant. In summarizing the tube performance data which Republic obtained during
the study, it was decided that the most significant information which should be
graphically presented in the case of Vidicons weuld be transfer characie ristics,
signal to dark current ratios, decay characteristics, and squsare-vave response
curves. These data are summarized in Figures 3-21 through 3-24, for al' tubes
on which such information is available. Most Vidicons are small, lightweight
devices; the majcr size and weight contributions in a complete camera assembly
come from synchronization and drive circuitry (and from focus and deflection
coils in the case of a magnetic tubz). Consequently, tube size and weight are not
included as primary data in this section; instead, size, weight, and power re-
quiremuntis for the various proposed satellite equipment configurations (i.e.,
complete camers chains) are given in subsection F,

Figure 3-21 shows typical Vidicon transfer characteristics for
a variety of tubes manufactured by RCA, Westinghouse, and Machlett. Several
tubes have curves for more than one dark current value; for a given tube, dark
current generally varies directly as target voltage. The Machlett ML 73514,
RCA 8051 and 8134, and the Westinghouse VWX-4915 are examples of tubes dis-
playing relatively high signal output (0.02 microampere or more) at low faceplate
illumination (0. 01 foc*-candle). All curves are plr ‘ted for 1/30 second frame time;
data on performance at longer integration tirmes .8 not generally available, except
for the Westinghouse tubes, which are slow scan Vidicons.

Figure 3-22 shows signal fo dark current characteristics for
the same tubes analyzed in the preceding figure. The Ligh vaiues for \he West-
inghouse WX-4915 and WX-7290 glow scan :ubes result from their extremely low
dark currents, which the manufacturer claims is due to the exceptionally high dark
resistivity of the target. Again, since nonstandard frame rate data is not avail~
able for any but the slow scan tubes, the figure is plotted for 1/30 second frame
rates only.

Figure 3-23 shows typical persistence dsts for a number of
RCA tubes. In each instance the output signal current, as a percentagc of its initial
value, is plotted as a function of the time after initial illumination is removed. The
C-73498 and C-74078 tubes, which are respectively, 2 magnetic 1/2 in. Vidicon
and a ruggadized 1 in. electrostatic tube, each have a somewhat higher photo-conductor
lag than tue other tubes., This lag would be objectionable for normal TV use, but is
relatively independent of light level on the faceplate.

Figure 3-24 shows typical uncompensated horizontal square-
wave response for a number of tubes. The RCA 8051 is a 1-1/2 in. high-resolution
magnetically focused and deflected tube designed primarily for broadcast film
pickup and data trausmission purposes, The design features precigien coustruc-
tion, a mesh electrode, and an extremely uniform photoconductive surface. Resolu-
tion is gbout 1200 TV lines at 8 foot-candles faceplate illumination,
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Figure 3-21. Vidicon Transfer Characteristics
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Figure 3-22, Vidicon Signal to Dark Current Characteristics
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In addition to the plotted data, some further comments on resolu-
tion and tube design are in order. The RCA C74053 ig an example of a typical 1/2 in.
magnetic Vidicon; resolution i limited to about 400 TV lines, with sensitivity ex-
tending to 0. 2 foot~candle, The RCA 7038 ig a 1 in. magnetic tube, with 600 TV
lines resolution at 2 foot-candles. These resclutions are specified at normal field
strengths. and without video ~ompensation. Increasing the focus field strength and
beam accelerating potential improves resolution ai the cost of increased deflection
power. A 7038 may be raised above 1000 TV lines Ly this method plus aperture
compensation in the video.

The RCA 7263A is an example of a severe environment magnetic
tube designed to meet MIL-E~5272B and MIL-E-5400 specifications., Figures 3-21
and 3~24 indicate that its electricsl performance is comparable with that of more
conventionally constructed tub 3.

The RCA 8134 is a 1 in, hybrid tube, which is elecirostatically
focused and magnetically deflected. Elimination of the focus coil removes 70% of the
magnetic component weight, and reduces deflection power requirements by a factor
of 8. Resolution is as high as 700 TV lineg, with basic 1 in. Vidicon sensitivity,

As an example of electrostatic tube performance, the Westing-
house WX-4306 is a conventional deflection plate design 1 in. Vidicon with a stated
center resoluticn of 850 TV lines, while the General Electric ZL~7815 i8 a 1~1/2 in,
Vidicon with deflectron optics plus a focus reflex modul: .ion gun structure; this
tube has a resolution of 80¢ TV lines with a 1000 volt accelerating field. The Westing-
house WX-4915 is a long-~lag integrating photoconductor Vidicon, fully electrostatic,
with a resolution of 200 T'V lines at 10-3 foot-cardle, and 500 TV lines as 101 foot-
candle.

From information presented in this section it ir clear that Vidicons,
particularly of electrostatic design, show considerable promise of meeting cloud
cover sensor requirements for the SMS system, when scene illumination levels
exceed a few tenths of a foot-candle; this situation corresponds to daylight viewing,
A more detailed discussion of the performance and configuration of such equipment
may be found in subsection F,

c. SEC Vidicon Performance

Data has been received from Westinghouse on time lag, integra-
tion and storage, resolution, and overall tube porformance of the SEC Vidicon,
While this information is experimental and highly tentative in nature, it i nonethe-
less valuable in illustrating the current developmental status of this tube.

Time<dag measurements have been performed, and no lag has
been obrerved at normal operating voltages, This tends to substantiate the theory
that the signal generating machanism is largely due to.free electrons created by
the primary electrons and collected either by the backplate or wall screen, If the
target voltage is increased beyond normal operation values, a time-ag becomes
noticeable, This can be explained by the fact that the electric field within the layer
is now high enough %o permit significant solid-state conduction. Generally, it is

' found that photoconductive targets or EBIC targets which exhibit high gain show
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an excessive time-lag. The onset of corductive lag is associated with an increase in
gain. Therefore, an SEC tar. >t may be operated «t relatively low voltages in the
fast mode with a gain of about 400, or at higher voltages, thereby sacrificing speed
of responge in favor of higher gain.

It is Important to make resistivity as high as possible to achieve
long integration times, Extensive tests have heen performed o gauge tube integra-
tion performrance under a variety of operating conditions, Small input signals have
been successfully integrated for periods up to i~1/2 hours. These experiments
demonstrate that it is possible to integrate extremely weak signals for periods up
t¢ hours without background contribution due to target leakage current.

In measuring resolution, it is necessary to distinguish between
the resolution capabilities of the target, the maximum resolution of a tube incorpora-
ting such a target, and the resolution limitations set by the associated equipment.

No attempts were made {o measure the infrinsic resolution capabilities of the

SEC target directly. Based on the thickness of the target, however, it seem reason-
able to assume that up to 1809 TV lines per in. should be re jlvable on the target
before scattering of primary electrons gignificantly degrades resolution,

Resolution measurements have been made with sealed-off tubes
using electrostratic focusing in the image section and with demountable tubes employ-
ing all-magnetic focusing. In the first case, maximum resolution was found to be
300 'TV lines per in. referred to the photocathode, or 600 TV lines per in. on the
target, since these tubes employ a linear minification of 2:1 ir the image section.
Tubes with magnetic focusing of the image section clearly resolve 1000 TV lines
per in. on the photocathode, indicating that in the electrostatically focused tubes
the upper limit to resolution is set by the electron optics. Resolution obtained with
magnetically focused tubes is limited by the bandwidth of the video amplifier.

The performance of a sealed-off tube was evaluated by measur-
...g limiting resolutivn a3 a function of photocathode highlight illumination, using
a 100% conirast teet pattern. The tube employed electroma,netic focusing for both
image and scanning sections; the photocathode was of the flip-over type with a use~
ful diameter of 5/8 in. Sensitivity after tip~off was 25 microamperes per lumen
measured against a 2870°K light source. The results of this test are shown in Figure
5-25 where limiting resolution is plotted against photocathode illumination.

Curve 1 was taken with 10 volts target voltage and curve 2 with
40 volts target voltage. In both cases, the target was scanned continuously (30 frames
per second), and limiting resolution was determinred by visual observation of the
monitor screen. For comparison, the equivalent data are given for an Image Orthicon
{taken from Morton and Ruedy, Advances in Electronics). For both target volt-
ages, no picture "sticking'' was observed. The makximum resolution under optimum
illumination was found to be 1000 TV-lines per in.

Curve 3 was. taken with 19-second integration, and Curve 4 for
30-second integrdtion. The target voltage was 30 volts in both cases. Since the inte-
grated charge is read out and cisplayed egsentially within one frame time (1/30
second), it is difficult to observe limiting resolution directly. Therefore, limiting
resolution for Curves 3 and 4 was determined from Polaroid photographs taken of
the monitox.
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Another version of this tube type(Figure 3-26)is similar to an
Image Orthicon but uses direct beam readout. It empleys electromagnetic focus-
ing and deflection and containg a high sensitivity S-2) photocathode and a 1 in.
diameter SEC target. Resolution has thus far been limited by the equipment em~
ployed in making these measurements to about 15 line pairs per mm. Readout
speed is fa: ¢, 1.e., the signal is crased {0 less than 109, of its initial value after
1/60 second. Another feature of importance is the Jarge dynamic range over which
these targets operate satisfactorily. Signal to noise ratios of more than 100 have
been obtained. Integration of input signals is superior to that in conventional Image
Orthicons with thin film targets.

Although still in a relatively early stage of development, the
SEC Vidicon appears to offer significant advantages in television camers tube per-
formance. The high charge gain, fast response, large storage capacity, and high
resistivity should make it adaptable to a wide range of operating conditions.
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Figure 3-25. Performance of Experimental SEC Vidicon
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d. Image Orthicon Performance

The theory and operation of the Image Orthicon were described in
considerable detail in subsection C.2. Basically, the device consists of an image
section, a storage target section, a scanning section, and a dynode electron multi-
plier. An opticai image, focused on the photoemissive surface in the image section,
produces an electrical image which is accelerated and focused on the target. Sec-
ondary elections escape the target and land on a collector mesh. leaving & charge
pattern stored on the target. The collector-mesh assembly foicis a capacitor; wide~
spaced assemblies have a smaller capacitance, and thus produce a larger voltage
for a given quantity of charge, resulting in higher sensitivity. Unfortunately, the
smaller total charge produces a poorer signal to noise ratio.

The charge pattern stored on the varget is gcannerd by an electron
beam, which neutralizes the stored charge. The beam is made to land on the target
surface at near normal incidence, and at close to zero velocity. Some tubes employ
a second mesh, called the field mesh, on the scanned side of the target to produce
more uniform landing. The return beam enters the secondary emission electron
multiplier where the weak current is amplified, producing a signal current of 10
microamperes or less in the load resistor.

The original Image Orthicon has a 3 in. diameter image section
and a 2 in. diameter scanning section. Focusing of both sections was by magnetic
and electrostatic fields, with magnetic deflection of the scanning heam.. The
storage target may either be a glass disk or a thin magnesium oxide film, depending
upon tube application and performance requirements. If a glass target is used,
its volumetric resistance is selected in accordance with standard TV broadcast
frame rates; if such a target is used at slower scan rates, the stored charge tends
to redistribute, reducing resolution and contrast. The anisotropic resistance pro-
perties of thin film targets virtually eliminate lateral leakage, permitting much
longer readout periods. The effective cupacitance of the thin film target is less
than that of the glass target, resulting in a reduced maximum signal to noise ratio
where all other parameters remain fixcd,

Virtually all fmage Orthicons produced in this country are manu
factured by Westinghouse, General Electric, or RCA. A representative selection
of these tubes has been chosen, and their performance data summarized in Figures
3-27 through 3~29, Since it is anticipated that the cloud cover sensor will find max-
imum utility if it images a square format on the Karth, resolution data has beer
normalized to a square raster pattern, rather than the more usual 4:3 pattern;
maintaining the usual TV convention, resolution is cited in terms of TV lines per
target height.

Figure 3-27 is a plot of limiting resolution versus photocathode
illumination for a number of different tnbes, Resolution of the KCA C74034 ex-
ceeds 800 TV lines per target height {(square raster) at 10~5 foot-candle photo-
cathode illumination; the Westinghouse WL-22722, WL-22724, and WL-22730 yleld
150 TV lines per target height {square resterj, limiting resolution at 107 foot-
candle photocathode illumination, but are Irferior to the RCA tube in resolution
at photocathode illumination levels above 6 x 10~7 foot-candle. Data on the RCA
C74081 is estimated on the basis of highly preliminary information given at two
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iliumination values. All curves plotted in the figure are for standard TV broad-
cast {1/8" second) frame rates.

_ Figure 3-26 shows the light transfer charucteristics of seven differ-
ent tubes. The Westinghouse 5820, WL-7611, and WL-22674 all display the same
characteristic curve, with a pronounced knee at 1072 foot-candle small area highlight
photocathode illummation‘ Below the knee, signal respense increases with illumination;
ahove the knee, electron redistribution bends to delineate highlight areas, permitting
imaging to take place, though with some loss in contrast. These tubes all have glass
targets, which accounts for the presence of the knee. The RCA C74034 and C74037
show greater signal response at the same photocathode illumination levels; both these
tubes utilize thin film, high gain targets.

Figure 3-29 shown the relative center square-wave amplitude re-
spouse of the Westinghouse 5820 and W1,-7611, and the RCA 7198, The Westing-
house curves are identical, corresponding to 10" and 2 x 1072 foot-*candle high-
light illumination on the photocathode; the 7198 data is taken at 3 x 10~2 and 3 x 10~3
foot-candle photocathode highlight illumination. These tubes all employ glass targets.
Amplitude response data was not available on magnesium oxide target tubes.

In addition to the performance curves presented, some further
comment is ir order on tube size and constructior. Image Orthicons may be classed
as miniature (2 in.), 3 in., and 4-1/2 in, tubes, according to the approximate dia-
meter of the image end. Each classification will be considered separately.

1) Miniature Image Orthicons. There are presently two min-
iature Image Orthicons koth under development for the US Signal Corps. The RCA
C74081, which is under development for ERDL, Fort Belvoir. on contract DA44-009-
ENG-4575, is a magnetically focused and deflected tube with a 2.1 1n. diameter image
section and a 1-3/8 in, diameter scanning section. A photograph of the tube, which
is 9-1/4 in. long, is presented in Figure 3-30. The tube is a miniaturized version
of a standard 3 in. Image Orthicon, except for its 6.3 volt, 956 miiliampere filamerit;
standard Image Orthicon heaters draw 600 milliamperes at 6.3 volts. The tube uses
an S-20 photocathode with a thin film magnesium oxide target a.nd a field mesh.
Expected limiting rescolution is 100 TV lines (4:3 raster) at 10~6 foot-candle photo-
cathode illumination, with a center resolution of 500 TV lines (4:3 raster) and a signal
to noise ratio of about 20:1 at 10~2 foot-candle.

The other miniaturized Image Orthicon is the General
Electric ZL-7804, which is a fully electrostatic tube 2 in. in diameter at the image
end and 12-1/2 in. long. A diagram of the tube is shown in Figure 3-31, while
a photograph of an experimental model is presented in Figure 3-32. The photo-
cathode faceplate is curved, as a result of the conventional electrostatic focus
image section design. Unfortunately, this design is expected to produce electron
images which are distorted, badly shaded, and of poor off-axis resolution, even
with curved end plates. General Electric is currently developing a new type of electro-
static focus image tube with a flat optical faceplate and a curved mesh behind
the photocathode for electrostatic focus capability. This design, when incorporated
into the image end of the electrostatic Imags Orthicon, should be capable of results
approaching that of the magnetically focused converter. Furthermore, this plane-
to~plane image converter may be electronically zoomed since the output image size
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is a prime function of the tube operating voltages supplied. The final configuration

of the Z1.~7804 image section has not yet been determined. ihis is the major re~
maining developmental problem in this tube. The nonlinear spiral accelerator permits
maximum deflection sensitivity. Tubes developed to date use a conventional Image
Orthicon gun structure, but it is anticipated that the final design will incorporate a
focus reflex modulation gun structure for maximum resolution and minimum change

in beam focus with beam current.

2) Three-Inch Image Orthicons. The most popular Image Orth-
icon in production today is the 3 in. design. The standard of reference for Image
Orthicon development is the 5820 tube, which is a ciosely spaced collector mesh
tube having a glass target but no field mesh. Resolution data for this tube, and for
most of the others discussed in this section may be found in Figure 3-27. It is of
interest to note that most of the tubes cited exceed the 5820 "standard"” in resolution
performance. The light transfer curve for this tube (Figure 3-28) shows a knee
which is typical of glass target tubes. Limiting resolution is 625 TV lines {4:3 raster)
at 2 x 10-< foot-candle photocathode illumination. and a signal to noise ratio of 40:1
at 525 lines and 1/30 second frame time with a video bandwidth of 4.5 MC.

The 7513 is also a glass target tube, but it has the advantages
of much closer mesh spacing (0.0007 in.} and the addition of a field mesh. Its per-
formance is superior to the 5820, having 2 limiting resolution of 675 TV lines (4:3
raster) and a signal to ncise ratio of 55/1 with ivs knee at 3 x 10~2 foot-candie photo-
cathode illumination.

The RCA 7538 and General Electric ZL-7810 are examples of
magnesium oxide target tubes which do not exhibit krees in their transferv character -
istics; the former uses an S-10 photocathode, while the latter has an S-20 surface.
Figure 3-33 presents typical resolution-sensitivity characteristics of these tubes,
showing the effect of image integration time. Using an S-20 photocathode in place
of the 8-10 woulc! improve the sensitivity of the 7538 by a factor of 3, It should
be noted that these curves indicate target saturation effects; all things being
equal, and increase in integration time from 1/4 second to 2 seconds should re-
sult in a decreage in illumination by the factor of 8 required to achieve the same
limiting resociution. Interpretation of these curves must include the property of
the observer's eye to integrate for approximately 0.2 geconds when viewing a
mounifor repetitively scanned at 1/30 second. For increased integration times,
the camera tube was being scanned at a 30 cycle rate, but the target charge was
not being replenished; consequently, the eye's importance in determining resolution
is less effective.

Figure 3-34 shows the effects of contrast on tube resolution
sensitivity characteristics. These curves show the range of values which would be
encountered with an RCA 7538-type tube, at 1/30 second frame times.

The Westinghouse WIL~22724 is an example of a magnesium
oxide target, S-20 photocathode Image Orthicon which is designed to meet M{L-~E~
5272 environmental specifications, Its electrical performance is similar to the
General Electric ZL-7810. Center horizontal resolution at 3 x 102 foot-candles
photocathode illumination is a minimum of 350 TV lines (4:3 raster) with 5g applied
acceleration in the frequency range from 50 to 500 cps.
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3) Four and One-Half Inch Image Orthicons. The primary
objective of larger diameter Image Orthicons is to improve resolution and signal
to noise ratio by tripling the target area. This results in increased resolution for
a given scanning beam size, and increased target to mesh capacitance for a given
mesh spacing. Increasing the total target capscity without decreasing the spacing
maintains reasonable sensitivity (9 x 1072 foot-candles at the knee for a 4~1/2 inch
version of the RCA 7293A) while increasing the signal to noise ratio of the tube to
90:1 with a 4.5 MC video bandwidth at 1,/30 second frame time and 525 TV lines
{4:3 raster) resolution.

Elecirical performance improvements are noi without
penalty, however, since the size, weight, and power requiremenis of the 4-1/% in.
Image Orthicon are about triple those of the 3 in. version. In addition. the rugged-
ization of these devices required for military and spacc applications has not pro-
gressed nearly as far as with the smaller tubes,

4) Slow Scan Performance. Since the SMS cloud sensor re-
quirements will most likely necessitate use of slow scan rates and image integration
to optimize system perfcrmance, it is appropriate to consider what data is ave lable
on such techniques before leaving the subject of Image Orthicons.

In slow scan applications, the Image Orthicon has the ad-
vantage of separating photocathode and target characteristics for optimisation of
each parameter. Measurements of uncontaminated magnesium oxide targets by
themselves indicate a storage capability of up to 4-1/2 hours withort loss or re-
distribution of charge. When such targets are actually incorporatd into imaging
tubes, contamination by metals from the photosurface ensues; the S-20 photo-
surface contains cesium, potassium, sodium, and antimony, with cesium being
the primary target contaminant. During operation, especially ai elevated tem~
peratures, the target tends to become further contaminated.

Tests have been made on 3 in. Image Orthicons for inte-
gation and storage characteristics of magnesium oxide and glass target tubes.
At Kitt Peak Observatory, tests indicate a noticeable reduction in resolution at
integration times of 1 minute, Westinghouse, Elmira, has conducted experiments
under two Air Force contracts on the interaction of photoemissors on storage
targets. As a resuli of these tests, Westinghouse specifies a minimum resolution
of 660 TV lines after 10 seconds of storage on many of their new magnesium oxide
target Imayge Orthicons. Westinghouse has also developed a bi-alkali photocathode
which dees not contain cesium; its characteristics are similar to the 8-10 surface
in seneitivity and to the 8-11 in spectral response. Image Orthicons using this
photocathode have shown integration and storage for 4-1/2 minutes without loss in
resolution. They are also developing a new photocathode designed for 15 minute
storage, and estimate that a storage time of 1 hour may be possible with this
material,

General Electric, Syracuse, has conducted tests for the
Frankfort Arsenal on storage ss a function of temperature for magnesium oxide
target Image Orthicons. The tests consisted of short optical exposures (0.1 to 1.0
second) followed hy 3 to 9 seconds storage and readout with a 1/30 second {rame
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rate; temperatures ranged between ~50°C and +50°C. The picture did not change
qualitatively over the temperature range, and was equivalent to what would be
obtained under normal operation without storage.

RCA has conducted tests on the effects of slow stan read-
out, but their tests were conducted on glass target tubes, The basic conclusion
reached was that for a given target charge, the signal to noise ratio remeins con~
stant as the scan rate is changed from 1/30 second to 3 seconds, but the illumi-
nation required varies direcily with the frame rate. Theoreiically a slower scanning
rate merely means that the same number of electrons must be deposited on a given
target element over a longer period of time. Hence, while current and bandwidth
are reduced, the same primary to secondary electron emission ratio, and the same
secondary electron redistribution should be found as in the ncrmal scan period. The
effect of time on redistribution of secondary electrons is not known; in addit*on,
since the scanning beam current cannot be reduced in direct proportion to the
scanning rate in a practical tube, the magnitude of this effect is also not known,

Most Image Orthicon tube engineers do not feel that slow
scan readout will noticeably affect the signal to noise ratio and resolution on a
magnesium oxide target tube at readout times of 10 seconds or less. Hazelfine,
which is currently developing a slow scan camera for NASA's Nimbus program
(based on the General Electric 2 in. electrostatic Image Orthicon), intends to test
slow scan readout characteristics of this system in considerable depth as part
of their development program.

e. Image Isccon Performance -

Details of Image Isocon design and construction were presented
in subsection C.2, The basic difference between the Image Orthicon and the
Image Isocon ig that the former extracts a video signal by passing the reflected
scanning beam into an electron multiplier in the gun section, while the latter passes
the beam which is scattered from the target back into the multiplier. The Image
Isocon signal current is reversed in polarity from that of the Image Orthicon,
with a saturated white signal resulting in a maximum signal output current.

The Image Isocon has been under development for several years
at RCA, under Air Force contracts AF33(600)-7696, AF33(616)-5728, and AF33(616)-
6497, While the most recent tube information was not available to Republic during
the study, sufficient data was found to indicate trends and demonstrate tube eapability.

Figure 3-35 is a plot of signal to noise ratio as a function of
incident photocathode illumination for Orthicon and Isocon scan modes, comparing
dual mode tubes (i.e., tubes which are capable of operating in either scan mode).
Onz tube has a low capacitance target {0.0390 in spacing between targe: and collector
mesh) while the other has a standard 5820 Image Orthicon spacing (0.0025 in.).

In each case the beam current was retained at the level required for the highlight
condition. The signal to noise ratio decreases rapidly in the low illumination

range; the threshold occurs at a higher illumination level for Orthicon scan than

for Isocon scan. The signai to noise rat’ for Isocon scan of a particular target
charge is seen t» be at least three times greater thLan for Orthicon scan in dual

mode tubes. The signal to noise performance of standard Image Orthicon tubes lies
between that of the two modes of operation for laboratory constructed dual m ode tubes;
at full target charge, differences are minimum,
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Figure 3-36 is a plot of signal modulation (i.e., the ratic of
signal current to total output current) while Figure 3-37 gives output current as
a function of illumination; each plot compares Orthicon and Isocon operation for
both dual mode tubes. It is interesting to note thei modulation remains almost
constant when the beam current ig optimum in Lne closely spaced tube. At
suome low value of illumination, modulatir: drops and decresses rapidly with
further reduction in fllumination. Desr.;.e signal loss at the target, the Isccon
mode output sirmai js invariably lar..sr than the Orthicon mode signal in each
tube. This results from gain ach’eved in the scattering process, since on the
average three incident electrons are scattered for each electron which is retain-
ed at the targat to neutralize a stored charge. Tube dynamic range may be ob-
tained by examining these curves; this is simply the range of variation in light
level which liss between the full target charge highlight and that low light level
associated with minimum tolerable signal to noise ratio. Isocon scan.represents
an order of . ~guitude improvement over Orthicon scan in this respect.
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Aperture response (Figure 3-38) for Isocon scan with no heam de-

" flection effects is inferior to that of Orthicon scan; when beam deflection at the target

is permitted, the Isocon mode response is enhunced. Sine wave response for Orthicon

. scan of a duzl mode tube is equivalent to a standard 5320 Image Orthicon. Near thres-

kold illumination, a difference of 50 to 100 TV iines in favor of Isacon scan can be
expected.

As mentioned previously, the most significant features of the Image
Isocon are its improvad signal to noise racio and iis very wide dynamic range. The
additionai electron optical elements required complicate the setup of the Isocon, and
reduce the probability of successful unattended operation for prolonged periods. The
tube is still under development; when it becomes completely operational, it should
compete rather successfully with the Image Orthicon for such applications as the SMS
clond sengor system.
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f. Image Intensifier Orthicon Performance

The Image Intensifier Orikicon was described in subsection C.3
in considerable detail. Basically, this tube can be characterized as a cascading
of an intensifier section between an optical image and an Image Orthicon imare
section. The result is an increase in low light level sensitivity of the Orthicon by

an amount roughly equal to the gain in the intensifier section. At higher "ieli . <3, the

signal to noise ratio is comparable to that of an Image Orthicon having sin.ilr srget
capacitance, but resoiution degrades as a result of the successive imaging process.

Data is available on three cu. ent Image Intensifier Orthicons;
these ars the RCA C74036 and C74003, and the westinghouse WX-4289. Resolution

sensitivity characteristics ¢re presanted for these tubes in Figurve 3-39. The WX-4299

is represented by two curves, one for best pericrmance and the other for nominal
performance within its operating range. Note that here again, as with the Image
Orthicon curves, resolution is stated in terms of lines per target height, for a
square raster (subsection C.6.d). In addition, curves of output signal and peak
signal to RKIS noise ratio versus light level ave presented in Figure 3-40 for the
RCA tubes; this data was not available on the WX-4259,

The C74036 uses a tetrode image converter section, a high gain oxide
farget, and an S-20 second photocathode. The tube is 4.2 in. in diamter at the
image end, 2 in. in diameter in the magnetic scanning section, and 25 in. long.
Stated resolution, for a 4:3 raster, is 370 TV lines at 10~6 foot-candle photo- -
cathode illumination, and 100 TV lines at 1072 foot-candle. The C74093 was de- )
veloped to provide improved highlight resolution capability. This tube uses a friode
image converter section; it is 4.15 in. in diameter at the image end, 2 in. in dia-
meter at the magnetic scanning section, and has an overall length of 22.4 in, Stated
resolution is 450 TV lines for a 4:2 raster at 10~6 foot-candle photocathode illumin~
ation, and 100 TV lines at 107 foot-camndle. 3oth tubes employ electrostatic
focusing in the intensifior section; the primsary limitation in resolution lies in the
thin film coupling between intensifier phosphor and image section photocathode.

The WX-4298 differs from the RCA tubes in that it has a sixth
dynode ir the multiplier, and utilized u magnetically focused image intensifier
section. The tube has a thin film storage target with very low lateral leakage,
permitting signal integration fos up to 10 seconds to improve sensitivity, Stated
resolution is 460 TV lines at 8 % 10™3 foot-candle (4:3 raster) and 200 TV lines
at 7 x 10~2 foot-candle, The data cited are for 100% contrast, st 30 frames per
sacond, with continuous imaging. :

Major drawbacks to the use of such tubes in space applications are
the complexity of tube adjustment for optimum performance, and the problems of
unattended operation for long periods of time, In uddition, the intensifier section
requires very higa voltage; first photocathode voitage ranges from 20,500 volts
in the RCA tubes to 13,000 volts in the Westinghouse design., Finally, while these -
devices are unequalled in performance at very low light levels, their resolution
above 109 foot-candle photocathode illumination is distinctly inferior to that of
current Image Orthicons. Uniess absolutely required by scene illumination con-
ditions, Image Orthicons would be preferable for use in the SMS cloud sensor
package. This point is discussed further in subsection i, ’
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In 1961, RCA was reported to be working on an Image Intensifier
Isocon, the C74060. This tube was based on the C74056, and used a dual mode
Isocon structure. A feasibility atudy was being carried out with Air Force support
on contract A¥33(816)~7696 to determine whether gaius in signal to noise ratio and
dynamic range due to using the Isocon scan mode wouid leed to a significant improve-~
mert in an Intensifier Isocon design. The outcome of this program is not known.
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D. OPTICAL CONSIDERATIONS

The extreme altitude of the satellite presents formidable optical problems,
especially when the design cbjective is to view the Earth's cloud cover under both
day and night conditions at high resolution. The present state of the optical art
offers both refractive and reflective optical systems in nuraerous designs and
variations that pogsess inherent resolving powers in excess of presently avail-
able or even future sensor tube resolution capabilities. The optical congiderations
which determine use of a particular lens derign or type are dependent upon such
factors as sensor tube characteristics, desired area coverage, format size,
satellite weight, and spatial limitations,

In considering the optical requirements for visible light sensors, no attempt
was made to define, in detail, the exact characteristics of an optical system. Lens
design begins with the designer's goal of perfection and is followed by a series of
compromises resulting from the materials available, manufacturing difficulties,
and other practical limitations., Finally, the lens represents the best compromise
in resolution, distortion, size, and weight that will provide acceptable perform-
ance for the intended application. This subsection will, however, consider msajor
optical system characteristics and interrelated functions which would influence
the selection of a particular optical system for various resolutions and coverages.

1. Optical Parameters

The SMS optical requirements have been considered for full Earth
disc ccverage and for various smaller coverage areas. The basic optical relation-
ships are streightforward, as is shown below:

Object Size - Distance - Scale Factor
Image Size Focal Length 1

Since the sensor platform is at a constant (8ynchronous) distance above
the nadir, the three remaining parameters can be varied to obtain the best com-
binatior for performance, size, and weight, If image size is reduced, the focal
length of the optical system is reduced proportionally, and accordingly, the
ground coverage is inversely proportional to image size. Therefore, the inter-
relation of the threo parameters must be carefully considerea and viewed broadly
to properly establish the optimum configuration.

A numograph (Figure 3~41) has been developed to illustrate compre~
hensively how the optical and sensor parameters are related, and indicate the
effect of parameter variation, The nomograph relates sensor tube picture height,
focal length, and ground coverage as one set of parameters and TV lines per
picture height, ground resolution at the nadir, and ground coverage as another set
of parameters, Datum points on the picture height scale are indicated for con-
venience for various sensor tubes. This scale is based on & square format; sub-
section C.6.d, discusses the use of such a format for SMS applications,
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Figure 3-41, Optical Sensor Parameters - Single
Frame Coverage

Two saraple problems are depicted on the nomograph, The firstis
for a full Earth disc. Usingatypicallin, Vidicon as a starting point and 8000
miles coverage as the end point, it is seen immediately that a 1. 25 in. focal
length lens is required for this format and coverage. To obtain a 10 mile re-
solution under these conditions, a sensor resolution of 800 TV lines per picture
height is required. Reference to tube capabilities shows that this is feasible;
indeed, better resoclution is possible with certain tukes.

For the narrow anrgle sensor system, a 2 in, minature magnetic
Image Orthicon was selected as the second example, In this system, some con-
sideration must be given to picture overlap and side lap for mosaicing, Using
a 10% overlap in each direction, a 1260 mile square picture would yield a 1000
mile square nonredundant coverage in each frame, Under these conditions a 14
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in, focal length optical systim is required. For a 2 mile ground resolution over
a 1250 mile picture, a sensor resolution of 6256 TV lines per picture height is
required. Since the 2 in. magnetic Image Orthicon currently possesses a limit-
ing resolution of about 600 TV lines per picture height (square raster), the
optical systom parameters determined above appear reasonable, assuming a
modest improvement in tube performance.

2, Optical Resolution

The maximum possible resolving power of an ideal lens is a function
of the wavelength of light being resolved and the aperture of the lens, The
Rayleigh limiting angle of resofution 8 is defined in radians as

2 1,2
9= =5
where A = the wavelength of light, in millimeters
d = the diameter of the lens aperture, in millimeters

For visible light recording, the linear resclving power at the image plane is ex-
pressed by

% = 0.8 A ({/number)
where R = linear resolving power, in line pairs per millimeter
A = the wavelength of light, in millimeters

f/number = the focal ratio of the lens

The lens resolving power will vary over different areas of the image plane with
the highest resolution at the optical axis and slightl’ reduced resolution at the
format diagonals.

In considering the visible light sensor optics, the maximum resolving
capabilities of a perfect iens (Table 3~2) should be taken into ac ount,

TABLE 3-2
IDEAL LENS - MAXIMUM RESOLUTION
On Optical Radial 10° Off Equivalent TV Lines
Focal Ratio Axis (L. P, /mm) Optical Axis (L. P, /mm)At Lowest Resolution
£/1.0 745 740 1480 L/mm or 37,600 L/in,
£/2,0 373 3A8 /736 L/mm or 18,700 L/in,
/2.8 266 262 524 L/mm or 13,300 L/in.
/4.0 187 184 368 L/mm or 9,850 L/in.,
£/5.6 133 131 262 L/mm or 6,660 L/in.
/8.0 93 92 184 L/mm or 4, 6756 L/in,
£/11,0 66 65 130 L/mm or 3,300 L/in,
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From a comparison of equivalent TV line resolutions, it is evident that

- a high quality optical system can image more TV lines onto the 10 mm target of a

1 in. Vidicon than the tube can ever reproduce. Indeed, the optical system resolu-
tion exceeds that of the Vidicon tube by more than an order of magnitude.

In practice, optical designs such as reflecting mirror systems that cover
a very narrow field of view can be made substantially free from detrimental dis-
tortions such as coma and spherical aberration, and will be capable of resolution
performance approaching theoretical limits, With but modest effort, optical designers
will be able to modify existing refracting lenses for optimum SMS performance to
produce a twofold increase in resolution, Such capability has been indicated by
Goerz Optical Company, Inwood, New York, and Pacific Optical Company of Los
Angeles.

The very nature of cloud cover imaging requires that relatively low
f/number optical systems be employed to provide sufficient illumination at the
sensor photosurface, This requirement provides further assurance that the optics
will not limit overall sensor system performance.

3. Optical Systems

The two basic fypes of optical systems considered are categorized as
refracting and reflecting. The number of variations possible within each category
is perhavs limited only by the optical designer's ingenuity bacause of the wide selec-
tion of materials available today for optical technology. In general, refracting lences
are en:ployed for wider angular coverage and smaller aperture diameters, as com-
pared to the narrower angle, larger aperture reflecting sustems. Since the limiting
lens resolution is a function of lens aperture, reflecting systems inherently provide
higher performance. Where longer focal lengths are required, reflecting ¢, .tems
also provide superior performance, since folded optical path designs yield improve~
ment in overall length to focal length ratios by as much as 5 to L

Because of the known difficulties that exist in the design and manufacture
of large diameter refractive optics, as well as inherent size and weight considerations,
the narrow coverage requirements can best be satisfied by several existing designs
of modified Cassegrain systems. Such systems are catadioptric designs that eliminate
aberrations by the use of correcting glass elements. Notable designs employing varia-
tions of this technique are the Maksutov, Bouwers, Dahl-Kirkham, Schwarzchild,
Baker and Schmidt systems. Differences between these systems are primarily in tho -
thickness and location of correcting lens elements. No attempt has been made to
svaluate performance differences or recommend a particular system.

For the wide coverage where focal lengths are short, a Petzval lens
design offers distinct advantages because of its inherent resolution uniformity
at high f/number over the entire image field, Such a lens, with a field flattener
element added, would provide additional assurance of maximum definition, The
Petzval design produces a flat field up to about 25° total angular coverage, which is
more than adequate for the lull Earth disc sensor.

A hybrid refractive design which was considered is the Vari-Focus

lens, i.e., the Zoomar lens, Such a lens attempts to provide a means of continuously
varying the focal length or magnification while keeping the image in precise focus
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over the focal range and maintaining a constant aperture. Hence, such a system seems
to provide an ideal replacement for separate wide angle and narrow angle lenses by

a gingle lens, A cioser examination discloses sericus problems, however, as dis-
cuggsed in the following paragraphs.

Vari-Focus lenses have enjoyed wide applicstion in amaieur home movie
cameras and a studio television equipment, where the image is viewed subjectively,
and where the central area of the picture is the prime area of interest. For these
applications, magnificaiion ratios are generallysmall. A Vari-Focus lens for metero-
logical satellite applications would require liighly corrected optics as well as uniform
field resolution and illumination, together with a large aperture and a magnification
range of 12 to 1. Such a lens does not exist at present, and there is considerable doubt
that it can be designed at all. In addition, the resolution fall-off within 3° off-axis of
present day Vari-Fccus lenses is so drastic that lens manufacturers prefer to avoid
publishing such data.

1t is admittedly difficult to design a fixed focus lens contairing from four
to six elements, but the problems of designing and fabricating a Vari-Focus lens con-
taining the 15 or more elements needed to satisfy the previously defined requirements
would be virtually insurmountable. On the basis of judgments obtained from optical
designers, as well as conclusions reached during the investigation, it is recommended
that Vari-Focus lenses be eliminated from consideration for SMS optical system appli-
cations.

4, Optical Coatings

Anti-reflection coatings for refractive elements of the visible light sensor
are essential if the lens is to function at maximum efficiency. The advantages of lens
coatings are two fold. First, lens coatings eliminate ghost images and flare spots;
secondly, they increase the illumination that the lens can transmit. In practice,
multi-element lenses having an uncoated efficiency of about 65% have shown improve-
meuts in speed of nearly 1/2 f-stop after coating.

For the SMS application, the advantage of anti-reflection optical coatings
would be clearly evident for low contrast imaging., Undesirable reflections caused
by optical surfaces tend ‘o lower the contrast of 2 scene, and since the expected
contrast ratio of cloud types is small, every effor: should be made to minimize con-
trast degradation. Anti-reflection, thin films, such as calcuim and magnesium
fioride, would provide excellent protection irom intra lens reflections.

5. Vignetting

The design of the visible light sensor optical systems for both day and
night coverage should consider the reduction in illumination resulting from lens
vignetting. The relationship of the lens barrel length to the front and rear apertures
causes oblique rays to be cut off, with the result that illumination decreases to the
point of extinction, depending upon the angle of obliquity. In general this should
not be a problem area in the SMS program, particularly if Vari-Focus lenses are
eliminated from consideration.

3-66



I———"j

e

T

usopanyd

o

o
Ty

o e

fmd

s ==

L

o
g
—

Investigation of a typical Vari-Focus lens shows that an illuminafion fall-
off due to vignetting, over a range of focal lengths, can exceed 50%. Such a reduction
of illumination would seriously compromise sensor low light level capabilities. I
should be noied that this reduction of illumination overthe field of the lens is in ad-
dition to that resulting from the Cos™ law which furnctions whether or not vignetting
exists in a lens design so that when both efiecis are preseat image illumination is
seriously reduced off the central format area.

6. Interior Lens Reflections

Tne second largest contribution of unwanted illumination can be attributed
{0 the interior lens design. Non-. -age-forming light entering the lens aprrature
finds its way to the focal plane, where its efiect on image contrast is readily apparent.
The primary cause of this stray light reaching the image plane is lack of sufficient
interception means withir the lens housing. Interior leas reflecticns can be either
totally elimina d or drastically reduced, depending upon the lens design, by proper
placement of buifles and use of matte, nonreflecting housing surface treatments., A
sketch of a typical catadiopiric lene (Figure 3-4" illustrates the type of construction
which should be employed to eliminate unwanted reflected and scattered interior
light. For the SMS system, where lightweight construction is of paramount import-
ance, the lens housing lightening veids must be made light-tight by such means as
a matte/foil shroud.

7. Filters

Filtering of two types warranis consideration for the visible light sensor.
The first is spectral filtering to reduce the contrast-degrading effects of scattering
in the intervening atmosphere between the satellite and the scene viewed. Sensor
tube photocatiiode response characteristics in the 0.3 to 0.4 micron region where
atmospheric scattering is aighest, would indicate the need for some filtering. A
sensor employing an $-20 photocathode could usefully employ a filter because of its
high response in the 3000 to 4000 angstrom band. Since the filter absorbs some
image-forming light, an increase in exposure time would be reguired to compensate
for this absorption, Applicable filters, such as Wratten numters 12 and 15G should
be considered,

The second type of filteii.g to be considered is non-spectral and involves
the use of graduated neutral density filters for exposure ~ontrol. The percent of high-
light illumination transmitted through neutral filters can be adiusted by selecting ap-
propriate values of opti:. ! density.

Standard neutral density filters are available to provide iliumination at-
tenuation <overing a range of four orders of magnitude in descrete steps. When used
in combination, as in a dual filter wheel system, intermediate values of transmission
are obtainable.

Deposition of the neutral density filter on a thin base, such as Cronar,

will introduce negligible focus shift when the filter is inserted into the optical
path.
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Figure 3-12. Typical Catadioptric Lens System
8. Image Motion Compensation

For synchronous satellites the problem of image motion compensation
is greatly reduced by the elimination of forward vehicle motion. However, image
motion will be caused by vehicle perturbations due to inaccuracies in the attitude

control system. The penalty for image motion is loss of resolution, which mani-
fests itself as ground smear.

Image compensation for different types of satellite stabilization systems
presents different problems. In the case of a spin-stabilized satellite where the
vehicle rate is 10 RPM, the total allowable exposure time would be 1/4000 second
to reduce ground smear to a 5-mile equivalent resolution element, as shown by
Figure 3-43. This exposure time can be accomplished by means of either rotary
or curtain .ype focal plane shutters comparable "1 design to military reconnaissance
shutters. Wieldable mirrors were investigated as a possible means of producing
image motion compensation for the spin stabilized satellite. However, bascd on
control system problems of accurately providing mirror de-spining rates, to-
gether with the complexities associated with precision servo control of the mirror
such an approach appears to be marginal, if at all *_asible.
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Figure 3-43. Exposure Time for Spin-Stabilized Vehicle

The 3-axis and gravity gradient attitude control systems provide
stabilization which enables the visible light sensors to operate over an extremely
wide range of exposure times. Figure 3-20 presents, in graphical form, the re-
lation of exposure time to the visible light sensor to the allowable ground image
si...ar, and to the angular stabilization rates required for a particular exposure
and smear combination. From Figure 3-20 an exposure of 0.5 second for an
allowable 1.0 mile groundimage smear would require a SMS stabilization rate of
about 5 x 103 degree per second. Simi’~+ly, for the same exposure but a 5.0
mile ground image smear, the stabilization requirements would be reduced to
about 2.5 x 10~2 degree per second.

9. Wielding Mirror

The narrow coverage cloud sensor will require a wielding mirror to
direct the sensor optical system to th.e desired area of surveillance,
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The wielding mirror is essentially 2 precision optical flat, ac. ‘0
fractions of 2 wave length, mounted in a gimbaling fixture which is accurately ed
to the optical - ;~tem central axis, Mirror positioning is accomplished by a servo drive
on the x and y axes of the gimbaling fixture. Direct ground command, preprogrammed
positioning, or boti, may be employed to direct the optical axis to a desired area of
interest. Shaft angle transducers attached {o each axis could be employed to provide
pointing accuracy dafa.

If a prograrxamed mode of operaticn were employed, the sequence of picture
taking could be planned to eliminate mirror translation in one axis for an exposure se-
quence before indexing to a ncw position in the othor axig. In this manner, wide vari-
ations in scene brightness would be avioded by remaining in an area of relatively uni-
form illumination, and disturbing torques could also ke niinimizead.

Irnage rotation due to the 2-axis translating mirror will be present. This
should not be detrimental, however, since the degree of rotation will be predictable,
and image de-rotation can readily be accomplished at the ground receiver station.

10. Shutters

Protection of the visible light sensovrs from direct sunlight is mandatory.
Image Orthicon tube imaging sections would be destroyed aud Vidicons would be part-
iclly disabled or destroyed by exposure f{o the Sun's image. To prevent such catastrophic
sensor failure, a capping-type shutter would be required to occlude the Sun's image.
During those periods when such accidental exposure is possible, as in the cases of the
spin-stabilized vehicle sensor and the full Earth disc sensor of the larger v ‘hicles,
occultation could be provided by a dual-purpose, electromagnetic shutter of a de-
sign developed by Systems Associates Inc. of Haiesite N. Y. This design serves as
a high speed, coatrolled exposure time as well as a capping shutter.

The present designs cover about a 1 in. aperture, and provide speeds up
to 1/1500 second; theycould be developed for speeds better than 1/2000 second, which
is adequate for the Image Orthicon sensor. For a 1 in. Vidicon having a format of
0.62 in. in diameter, the same design shows promise of meeting the n cessary 1/4000
second speed to also satisfy the spin-stabilized vehicle image motion requirement.

The System Associates shutter has been developed for special purpose
aerial photography and is presertly used in military mapping cameras. The shutter
principle is applicable to either beiween-the-lens or focal-plane type devices. For
the intended application, a high speed focal plaue type appears to be preferable., The
shutter consists of A and B sets of biades that are cocked and latched with one set
openandthe other closed. A small reset motor is energized only for the cocking
function and then shut down. Electromagnetic latches hold the blade pairs and are
releascd upon command. Delay time between the release of the blade sets establishes
the shutter exposure time desired.

Similar sautier designs have been accomplished by Optomechanisms, Inc.,
Plainview, N. Y. and 1/4000 second speeds are promised for small format sizes.
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Rotary focal plane shutters were considered for the controlled time ex-
posure function and could provide slightly aigher speeds than the electromagnetic
shutter. However, they are not as readily adaptable for capping functions and there-
fore are not considered as preferable for dual purpose coperation.

For reliability the Sun protection shutter function would require a command
pulse from a Sun sensor or similar device to initiate closure before the Sun is within
dangerous proximity to the optical field of view,

11. Aperture Control

The wide dynamic range of illumination inherent in day ard night cloud
cover imaging necessitates the use of aperture control inaddition to filter attenuationand
shutter speed vaviation for proper adjustrent of exposure. Aperture variation ecan
be accomplished with either iris or Waterhouse type diaphragms. Present day aerial
reconnaissance cameras employ both types of diaphragms, with more recent designs
showing a preference for a two bladed, scisscors type, Waterhouse diaphragm.
Where reliability is important, ac in the SMS system, this type has marked advantages
over a mulitblade iris type by virtue of substantially fewer moving parts. In addition,
the Waterhouse diaphragm can provide a backup capping function for Sun occultation.

Changes in aperature opening would be accomplished by a small servo
system that sets the relative aperature to the raguired pesition. For additional
reliability, the diaphragm should be designed so that the system would astomatically
return to the maximum aperture in the event of malfunction. This feature would
enable continued system operation through variation of shutter speed or filter attenuation,
to provide the same incident illumination of the fube photocathode over a substantial
range of scene brightness ievels. Figure 3-44 shows the relation of aperture to ex-
posure time and the equivalent f/number for various exposure fractions. For example,
if a predetermined time exposure were halved, and the scene brightness held constant
an equivalent f/number could be selected to mainatin constant photocathode illumination.
As an example, if a basic relative aperture of £/4.0 were used, and the exposure were

reduced by one-half, the aperture would have to be increased te {/2.8 to provide the
same expesure.

A further consideration in ziperture control would be to permit ground
override of the automatic exposure gystem based on scene conditions and the meteoro-~
logical significance of the cloud image. .

12. Materials and Weight

The problem of satellite weight limitations requires that the optical
gystems employ the lightest weight materials commensurate with resolution and
structural considerations. Materials for optical systems are Jimited, and the
weight ratios between materials may be as high as 5 to 1. Optical first surface ‘
mirrors can be produced from glass (quartz/pyrex), aluminum, or keryllium having
densities of .10 b/cu.in, 0.11 b/cu.in. and 0.06 Ib/cu. in,, respectively. From
this comparison it is apparent thatberylliwm aifords the lowest weight potential.

In additfon, utilization of the mirror proper for structural tie-in would further im-
prove weight savings which can be accomplished with nonglass materials.
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Figure 3-44. Exposure - Aperture Relaticnships

The reflective system structural design would necessitate careful con-
sideration for maintenance of optical reiationships while minimizing weight.
Thermal considerations are of importance and are reflected in the lens housing
design. For example, Perkin~Elmer of Norwalk, Conn., has produced space
probe prototype optical systems employing ail-~Invar designs to maintain optical
integrity. Conversely, Itek Corp. of Lexington, Mass., has built all-aluminum
housings and mirrors that are designed to maintsin focus with thermal expansion
by compensating for variations in focal length. Weight ration betwecn such systems
may be 3 or 4 to 1. Thermal gradients within the optical system have been minimized,
according to Perkin-Elmer, by covering the lens housing with a black matte backed
aluminum foil. It is not anticipated that automatic focus compensation of the SMS
sensor optical systems would be required due to the comparatively small range of
vehicle temperature variation expected (+ 10° C about a nom:nai temperature of 25°Ch.

A gurvey of optical systems was made to detsrmine, if possible, relation-

ships between optical parameters and system weight, In conducting such a survey it Is
important to recognize that opticat systems of the same relative aperture and focsl
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length can vary considerably, depending upon overall design. A catadioptric system
‘empioying 2 large corrector plate would weigh more than a purely reflestive system;
similarly, refractive lenses of comparable fucal length and aperture would vary, de-
pernding upon the numnber of glass elements in the lens design.

With these potential variations in mind, a graphical presentation (Figure
3-45) was prepared to illustrate the relative weights of refractive and reflective optical
systems ag a function of aperturc diameter, The refracting lens data i3 based on typical
lenses designed for aerial reconnaissance by the Pacific Optical Division of Chicago Aerial
Industries. It will be noted that, with the exception of one lens, a straight line can be
drawn with a fair degree of confidence. The reflecting 1ystems weight-to-aperture re~
lations are based upon both actual and estimated data obwained from Perkin-Elmer, Itek,
Flectro-Mechanical Research, the Westinghouse Air Arin Division, and Republic Aviation
Corporation.
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Figure 3~45. Optical System Weight Versus Aperture

E. SPECIAL TECHNIOQUES FOR DA™ '~-NIGHT EXPOSURE CONTROL

1t has previously been shown that the range of illumination levels expected at the
sengor photocathode varies at least eight decades for a day-night visual sensor. BSuccess-
ful use of any known sensor dictates frequent adjustinent of the optical and camers con-
trol settings to obtain optimum performance. It is difficult to make these adjustments
through the command link without potentially subjccting the sensor to a condition resulting
in permanent damage. Therefoce, it is essential to automate as many operational para~
meters as possible, while recognizing the penalties involved in additional weight, sige, and
complexity. It should also be realized that the net system reliability may be increased -
through this automation process. The following paragraphs describe techniquos for ad-
justing the camera system to obfain an unattended TV system with optimum performance
throughout the-cntire day-night environment.
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i. Neutral Dansity Filters

Neutral density filters are commonly used to reduce light intensity in
accurate steps. There i8 a precise relationship between density (D) and trans-
mittance through the filter; thus, 10~D = {ransmittance. Filters are available in a
wide variety of density values from 0.1 through 4.0 from Eastman Kodak Co.;
densities of 0.1 and 4. 0 correspond to transmittances of 80% and 0.01%, respectively.

One practical method of incorporating neutral density filters is to insert
two filter wheels arranged in cascade in the light path. By locating them at a nodal
point in the optical system, their sizes can be reduced, One filter wheel contains four
different density filters; the other wheel containe eight filters and is geared to rotate
four times a< fast as the first wheel. Thus, for each filter in the first whzel, the high
speed whecl acis as a vernier with eight steps, Norden Ketay is utilizing such a system
in an Image Orthicon camera chain presenily under deveiopment, and expects to cbtain
approximately six orders of magnituce cortrol of illumination.

There are several ways in which an error signal can e derived to operate
the filter wheel drive motor. The video signal can be sampled, compared to a ref-
erence level, and the resulting error signal made fo control the motor rotation for
constant video amplitude. A separate photoconductive or photovoltaic cell could also
be used to sense changes in illumination, Thege could be used in either an opeu-loop
or closed-loop system. Similarly, a photomultiplier can be used. An additional
method which has been successfully employed is to use the photocathode current to
indicate average photocathode illumination,

In an existing camera chain, Berdix uses a three-sector futer wheel

with interpelation between sectors accomplished with iris control for a total density
variation of 6.3. This system is completely automated,

2. Automatic Iris Control

In this method of light control, error signals can be derived as de-
seribed in the preceding paragraphs. By physically stopping a lens from ¢,/2.0
to £/128, a 4000:1 reduction in photocathode illuminatiou is achieved. It should
be recognized that diffraction limitation effects exist as a lens aperture is re-
duced, and sujiable precaution musy be taken to insure that the lens does not
become the limiting element in system resolution.

3. Photocathode Pulsing

This technique is hased on the principles underlying the operation of
the imaging section of an Image Orthicon., The photocathode emits photcelectrons
instantaneonsly when light quanta are imaged uvpon it. These photoelectrons are
electronically imaged upon a target that stores its accumulated charge in the
interval between successive beam scans. The target integrates the photoelectrons
from the photocathode. Photocathode pulsing is a technique for periodically in~
terrupting this stream of photoelectrons to achieve target buildup conirol. It is
implemented by pulsing the accelerating voltage between the photccathode and the
target. By varying the duty cycle or the repetition rate (or a combination of both)
of the pulsed accelerator voitage, a range in excess of 1000:1 in effective light
intensity can be achieved.
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The photocathode puleing method of electronic shuttering is not acnieved
without observing precautions. The waveshape of the pulsed voltage must be accurately
controlled to achieve short rise and fall times wihile the top of the waveshape (corres-
ponding to the "on'" time of the photoelectrcn stream) must not only be extremely flat
hut also reach the same absslute potential if defocusing is to be avoided, ‘'The photo-
cathode is continuously heing exposed, 8o care must be taken to prevent it from over-
heating. Additionally, sincc the photocathode is transparent, light will fall upon the
target. The target consists of materials with high secondary emission characteristics,
and correspondingly low work functiong, resulting in some photoelectric properties,
Although the target is not in the optical focal plane, some light will reach it. Suitable
precautions must be taken to prevent deleterious effects on picture quality.

4, Target Feedback Control

If the foregoing methods are employed to maintain illumination at ap-
proximately 10-4 to 10-3 foot-candle, excellentquality pictures can be obtaived. As
the illumination oxa the photocathode is decreased, the scanning beam current required
to discharge the target is decreased approximately in direct proportion. If, under
these corditions, a bright object appears in the field of view, the beam will be in-
sufficient vo discharge the highlights. This will result in image "blooming" and can
in some instarces result in complete deterioration of the picture.

To alleviate this possibility, a technique has been utilized, by Dr. W.
Livingston of Kitt Peak National Observatory. It consists of sampling the video
signal, amplifying it, and feeding it back to the target mesh. The video variations
are ccupled to the target by means of the target-mesh capacitance, In effect, the
beam seewy 2 constant potentizl field. During the scan, each picture element receives
approximately the same quantity of charge from the beam. The video signal becomes
the voltage variations on the target mesh,

This method resulis mainly in improvement of dynamic range by ex-
tending the capability for discharging the target at levels of {llumination above that
for which the beam current is setf.

5. Target Voltage Switching

This is a technique for extending the dynamic range of illumination over
which an Image Orthicen operates. It can exiend the range of illumination from
approximateiy $0:1 to 600:1 within one exposure.

In operation, the target mesh potential is increased to a posgitive value
(10 to 20 volts) and the target scanned by the reading beam with the lens capped. This
establishes the scanned side of the target at cathode potential., The beam is then cut
off and the lens uncapped, With the termination of the desired exposure, the lens is
again capped. The target is now charged in correspondense to the scene illumination,
This may extend from ¢, to 10 or 20 volts. The tube is limited in its ability to
faithfully reproduce this dynamic range because the target is unable to modulate
the return beam fully, and alsc because the low level illumination signals are masked
by beam noise, .
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If the target potential is reduced to 1/3 the initial voltage, some areas of
the target will be below cathode potential. In these areas, the scanning beam is
repelled and no modulation occurs, However, in other areas modulation does occur
and video signals are generated. These correspond to high scene illumination areas
where the target has been charged close to the full initial target voltage. When these
areas are scanned, electrons from the beam are accepted, discharging these high-
lights, The target potential is next switched to about 2/3 the initial target voltage in
the interval between trame scans, Now, areas of the target that previously were at
less than cathode potential are raised in voltage and are capable of modulating the
beam. After completion of ihis {rame, ihe targel is sequencea .. .he original voltage
and again scanned out.

The above description was written for three-step target switching.
Excellent results have also been obtained in a two-level sysiem. It should be
recognized that the normal frame interval is increased hy the number of steps used.
A target with excellent storage capabilities is required, General Electric has re-
ported that the magnesium oxide target is capable of storing a 500 line picture for 5
minutes in an uncooled tube with no isible degradation in resolution.

6. Video AGC and Beam Control

The technique described here was developed by the Admiral Corporation
and incorporated in an underwater low light level Image Orthicon camera for the
United States Navy.

In an optimally designed camera system, the low light level performance
is limited essentially by the scanning beam noise of the Image Orthicon tube. Th=
signal to noise ratio of the Image Orthicon output signal is approximately proportional
to the square root of the highlight illumination in the scene. This can be seen from
the following argument. Optimum beam current adjustment occurs when there is just
sufficient current to discharge the scene highlights. Thus the beam current (and
therefore the signal current) is approximately proportional to the illumination. The
noise, however, is proportional to the square root of the beam current. Hence, the
signal to noise ratio is proportional to the square root of the illumination.

The basic design of automatic video gain and scanning beam current control
for the Image Orthicon is based on satisfying two inverse transfer functions. These are
b~ st exemplified by the fact that, in operation under high highlight illumination, the
scanning beam current is at 2 maximum while the video gain is at 2 minimum, The
converse is true when operating near the sensitivity threshold of thc Image Orthicon
tube. Fortunately, these inverse functions are reasonably linear over the operating
range of the tube. A sensing method is used to detect the peak whites or highlights
in the picture and generate the error signal for control purposes.

Video gain is varied by adjusting the amount of negative feedback applied
to three different amplifier stages. Negative feedback is adjusted by & potentiometer
connected ir. series between the emitter and ground, the emitter side being bypassed
down to frame frequency. The three potentiometers are driven by a common shaft
connected to the drive motor,
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The scanning beam current is adjusted by varying the control grid poten-
tial of the scanning gun. This is accomplished by a potentiometer on the same shaft
a8 the video gain potentiometers. Three other controls are associated with the beam
control to adjust its range and starting level, and to provide proper tracking with the

video gain controls. These controls are adjusted to match the characteristics of the
individunal Image Orthicon.

The video signal is fed to a detector which producs 3 a DC signal pro-
poriional to the peak white level. A comparator circuit comgpzres the detected signal
with a reference potential and generates an error signal in a chopper circuit. The
amplitude of the chopper output is proportional to the magniiude of the error, and its
phase corresponds to the polarity of error, The chopper output is amplified and used
to drive a control motor on whose shaft are the three video gain controls and the beam

potentiometer, The motor turns in the proper direction 0 maintain a constant video
output level.

The system has been operated with the Westinghouse WX 4323, General
lectric GL-7638, RCA C-74034 and 5820 Image Orthicons. A dynamic range of light

control of four orders of magnitude is claimed. Response time of the loop is 1.5
seconds for full excursion of the shaft.

7. Banawidth Rolloff

The low light level Image Orthicon exhibits fall-off in resolution as the
illumination at the photocathode is reduced. Typical tubes can resolve about 700
lines at 104 foot-candle and 15C lines at about 3 x 1077 foot-candle. A= the light

level reduces, resolution and signal fall to the point where beam noise establishes
the tube threshold.

Improvement of signal to noise ratio can be achieved if the reduced
available resolution of the Orthicon is used., By reducing video bandwidth until it is
just adequate for the available resolution, high frequency beam noise is reduced, re-
sulting in a better signal to noise ratio and ultimately in an improved displayed picture.

From the discussion in the previous paragraphs, video gain was seen fo
increase with decreasing light level, It is now seen that bandwidth must decrease
with decreasing light level. Both conditions can be satisfied almost simultaneously
if bandwidth rolloff is made a function of video gain. This can be accomplished by
using emitter degeneration. Care must be taken in this sytem to preserve adequate
bandwidth for the available resolution; otherwise, unnecessary degradation will be
introduced.

Bandwidth rolloff has been used by the Admiral Corporation with what is

reported to be a significant improvement in system signal to noise performance and
picture quality.
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F. SYSTEM ANALYSIS

This subsection discusses the mujor fa~tors congidered in determining the
parameters of a visible sensor systcm for observing clouds from synchronous
altitude. Many considerations are involved, and the interrelationships between
them are presented in parametric form by the use of tables, nomographs, and
graphs. The range of parametric variation should fulfill the requirements of
preseantly available configurations as well as any that may become practicable in
the foresee:ble future.

1. Design Considerations

a. Resolution Degradation Off the Nadir

An imaging system in which the Earth is focused on a plane
sensor can be regarded as having the flat-faced sensor projected upon the curved
Earth. Equally gpaced scan lines on the sensor project ou the Earth as unequally
spac. 1 lines; the spacing increasing as the distance from the nadir increases.
Figure 3-46 shows the increass in resolution element size as a function of the
angle subtended at the center of the Earth, It can be seen that at 50° off the nadir,
the resolution element is twice as large as at the nadir; at about 75°, if increases
by 2 factor of 190,
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Normalized to Nadir
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b. Exposure Time

The allowable exposure time oi the sensor is limited by the
requirement of image immobilization during exposure. In the case of 4 spin-
stabilized vehicle, exposuie time is a function of the spin rate. For a 3-axis
stabilized vehicle, the ability of the aftitude control svstem to reduce vehicle
motion determines the exposure time. Figure 3-43 shows the exposure time
required for g spinning synchronous satellite to reduce ground smear to specified
values, It is seen that for a spin rate of 10 rpm and an allowable ground smear
of 1 mile, an exposurc timc no greater than 0.043 millisecond must h:. used.
Figure 3-20 is a similar plot for a 3-axis stabilized vehicle, which enables the
control system rates to be specified. For example, if it is desired to have a 10
second exposure time and a 1 mile ground smear, the vehicle angular rates must
be less than 2.5 x 104 degree per second.

c. Illumination Variation

Section 2 contains a detailed examination of the illumination levels
expected at the sensci sensitive surface. From the vantage point of the synchronous
satellite, extremely wide variations of illumination are encountered, Daytime
viewing conditions result in approximately 5 x 103 foct-candles at the sensor from
the tops of cumulonimbus clouds (albedo = 0.7) at 46, 000 feet altitude. During
nighttime viewing, the sensor illumination can be lower than 1079 foot-candle,

While this range of illumination is greater than nine orders of magnitude, it can
be accommodated by tecaniques described in Section 3, subsection E, provided
it does not occur in a single exposure.

No sensor yet devised has the ability to accommodate this range
of illumination in one scene. Typical sensors (Vidicons, Image Orthicons, ete.)
have a maximum dynamic range of between 35 and 100 to 1, (Certain gpecial types,
such as the SEC Vidicon and Image Isocon, may range as high as 200 or 250 to 1.)
Because a synchronous satellite is essentially stationary over a point on the equator,
its field of view covers nearly half the Earth's surface. When it is noon at the
satellite subpoint, the entire disc of the Earth is illurninated by direct sunlight.
Even under this condition, which occurs for a short period of time every 24 hours,
the vange of illumination at the sensor corresponds to sunrise at the west edge of
the disc, sunset at the east edge of the disc and high noon at the satellite meridian.
In general, some portion of the Earth's disc will be in sunlight for greater than
90% of the time, and the terminator (live of demarcation between day and night on
the Earth) will be within the field of view.

Since the range of illumina‘’ion levels is likely to be greater than
the dynamic range capability of the sensor, the only practical method of obtaining
complete Earth cloud cover is to use a mosaic of pictures with the illumination
range in any one picture restricied to about two orders of magnitude, If a single
picture of the full disc ~f the Earth is desired, the best obtainable would be one
in which only the sunli{ portion of the Earth is correctly exposed.

d. Sensor Selection
Section 3, subsection Cpresents the results of an extensive
survey of existing and planned visual sensors, Although many devices are des-

cribed, the choice narrows to two (Vidicon and Image Orthicon) which are suffi-
ciently advanced to accommodate the EMS, The Vidicon can, within the limits of
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present technology, he used for daytime viewing. The Image Orthicon is suitable
for both day and night viewing, but not without penalties in size, weight, power,
complexity, and reliability. Another device, intermediate between the Vidicon

and Image Orthicon with respect to resolution, sensitivity, and complexity, is

the SEC Vidicon. It may fill in the gap between the other two in the next few years.

A fourth device, the Image Isocon, promises a substantial im-
nrovement in signal to noise ratio and dynamic range performance over the Image
Orthicon, at the cost of increased operating complexity. I further development
is carried out over the next few years, and this tube becomes fully operational,
it may well suppiant the Image Orthicon in such applications as the SMS program.

Finally, while no tube available today approaches the low light
level capability of the Intensifier Image Orthicon, its drastic fall-off in resolution
at higher light levels, together with its large size and high voltage, renders this
sensor unacceptable for the cloud cover system. Image Orthicons with even average
sensitivity provide adequate resolution, with 1 second exposure periods, under
near starlight scene illumination conditions.

In the paragraphs that follow, an attempt is made not only to
select a sensor but also to predict its performance. In any such attempt, it is
most desirable to be urmed with experimental data closely related to the intended
application, It is expected that in an SMS system the method of using the sensor
will be different enough from conventional TV that judicious use of existing data
will be mandatory. This is not to say that existing data is of no use; rather, it
should be treated as « foundation upon which extensions can be ouilt, Strong
emphasis must also be placed on the techniques by which existing data were ob-
tained, to assess with confidence its applicability to situations for which the
original measurements were not intended.

There are many differences between conventional TV systems
and those for use in the SMS. The most important are that conv" *- onal TV uses
a multiple scan, high frame rate presentation and displays the ,..: mation on 4
monitor. Continuous imaging upon the sensor is used, as i3 simutianeous readout.
In the SMS application, a single scan will be used, the scan rate will be drasti-
cally reduced, and sequential exposure and rcadout is confemplated. In conven-
tional multiple frame systems, integration of signal and ncise takes place in both
the monitor phosphor and the observer's eyc, resulting in adequate visual pictures
obtained with electrical signal to noise ratios of the order of 0.1, Comparable
performance in a single frame exposure requires a signal to noise ratio of about
20, or 200 times greater. Some compensation is provided however, since slow
scan operation results in higher signal to noise rativs than conventioral scan
rates. In addition, other benefits accrue from low frame rates. Longer photocathode
exposure times are available, permifting image integration to occur and thus
build up a given charge pattern with lower light levels. Because readout beam
velocity is Iower, the beam current required to discharge a given target charge
is reduced. This results in a poientially increased resolution hecause of re~
duced beam cross section and refined electron beam optics, as well as less
beam noise (since beam noise is directly related to beam current). By using
a slow scan, the video bandwidth is veduced, and techniques such as Target
Feedback control can be applied that are extremely difficult to use under standard
rates (Section 3, subsection E.4). Reduced video bandwidth, of itself, permits
higher signal to noise ratios by filtering the noise spectrum, and also allowing
higher iuput impedances to develop larger signals,
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Whi'e the above describes the trends taken by various eftects,
the quantitative results of their combined effect has not been measured, and there
is no substitute for experimental werification, Experiments in slow sran opera-
tion of 'mage Orthicons have been made at several astroromical obrervatories,
but caution must be used in applying the results, Here, point sources of uight
(stars) are being viewed. The sigral to noise ratio required for threshold detec-
tion of point sources ig lower than for extended sources (such as clouds), The
sensors used were cooled to temperatures not anticipated in the SMS. The camers
systems were not designed for automatic, unattended operation. Finally, many
results were obtained by a cumbination of target integraticn and Laotographice film
integration,

From the above discussion and judicial use of existing data, it
is postulated that sensor performance be estimated as follows, Resolution versus
illuminstion for vonventional TV systems is used to determine resolution for a
specific phutozathode illumination. For a slow scan system with 10 second frame
time and simultaneous ex; sure and scan, the illumination required by the SMS
gensor is reduced by a factor of ten, and the reszclution increased by 50%. A
further modification of illumination can be made if scene contrast is lexs than
100%. The illumination increase requis.d for a particular scene contrast is ob-
tained from Figure 3-16, which is based on the performance of an ideal imaging
device. These modifying factors are judged to be obtainabie, and are prohably
on the conservative side.

Congidering tie Vidicon and the Image Orthicon as potential
sensors, the choice between them is not a difficult cne to make, if the mission
objectives and constraints are defined, [for night viewing, only the inage Orthicon
con be used, Figure 3-27 is a plot of limiting resolution versus photocathode
illumination for typical Image Orthiccns operated in a conventional manner, From
this figure, a selection can be made on the basis of resolution and light level.
Other factors, of course, are involved. The spectral characterictics of the photo~
cathode should match those of the scene tc be viewed. ¥For night viewing, it is
desirable to have a high efficiency photocathode with infrared response, such as
the S-20, Also, if high sensitivity i8 to be achieved by target integration, it is
uecessary to use thin film metal oxide targets.

The Vidicon signal to dark current ratios for several tubes a.e
plotted in Figure 3-22. The limiting source of noise in well designed Vidicon
camera systems is in the video amplifier. However, there is ancther source of
noise in the tube itself, the dark current, which can exceed the videu amplifier
noise current in some tubes. If slow scan is used, or loug exposure times are
contemplated, a tube shouid be selected that exhibits good storage and lovs dark
current. It should be recognized that dark current of itself is not a noise con-
tribution, but rather noise stems from the variations of dark current. Dark
current is indicative of these variations and is therefore used as a2 measuve of
noise for the purposas of Figure 3-22.

Another factor of prime importance to the meteorologist is the
gray scale rendition in a picture. Figure 3-47 is a plot of the signal to noise
ratio required to resolve a given number of gray steps. each step related to the
next by a factor of 1,414, Present thin film Image Orthicons can reproduce
eight or nine gray steps. Vidicons are capable of ubout nine or ten gray stegs.
Estimates for improved tubes rua as high as thirteen or fourteen steps.
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e. Optical-Sensor-Ilumination Interrelationships

Figure 3-48 is a combined presentation of the relationships
betweer: scene illumination, scene reflectivity, lens efficiency, photocathode illu-
mination, and typical sensor resolution. Perhaps the best method of describing
its utility is to illustrate iis use in a typical example. Considey that for a specific
condition it is determined that the illumination un the scene is expected to be 1
millifoot-candle (corresponding roughly to quarter Moou conditionr), and that at
least 500 lines resolution is desired. Inspection of the sensor characteristics
shows that if the photocathode illumination is 5 x 1079 font-candle, the following Image
Orthicons can be used: WL-22724, G1-~-7967, anu C-74034. The intersection of
5x 10-5 photocathode foot-candle, and 10~3 scene foot-candle occurs at a multi-
plier constant of 0,005, This multiplier constaat is achieved for an f/4.5 lens and
scene reflectivity of 0.4, or an /5.3 lens and scene refle-tivity of 0.6, which is
wypical of stratos and nimbus type clouds. The tube data plotted has been modified
by increasing resolution by 50%.

f. Earth Coverage and Resolution

Figure 3-41 is a nomograph that relates sensor resolution, sensor
size, ground resolution at the nadir, Earth coverage, and leus focal length. It is
designed to be used with the central scale (ground coverage) as a pivot point for a
straightedge. Tyrical examples wiil be used to describe its use. Suppose that a
1 in, Vidicon is iv be used to cover the full Earth disc in one picture. A straight-
edge placed between 0,44 in, picture height and 8000 miles ground coverage shows
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that a 1.2 in. focal lengih lens is required. Pivoting the straightedge about 8000
miles indicates that 1¢ mile ground resolution can be achieved with 800 TV lines
resolution per picture height. Anocther example that ean be worked out on this
nomograph is that 3000 line resolution ig required to achicve 1 mile ground rese-
lution with a coverage of 3000 miles. If a 3 in. Image Orthicon were available
for this, it would require the use of a 9 in. fceal leugth lens.

g, Optical “yatem Weight

Subsection 3.D is concerned with the optical considerations
involved ia the SMS. Figure 3-45 of that section depicis the weight of an opiical
syetem as a fun:tion of the aperture diameter. The aperture can be obtained by
using the relationship:

_ focal length
b = f/number

The weight of the optical system can now be approximated with the aid of Figure
3-45.

h. Readout Time and Transmission Rate

After a determination of ground resolution and coverage has been
made, the trade-off of readout time and transmission rate can be oblained by using
Figure 3-49. This figure is a nomograph that lizs been designed with the center
scale as a pivot point. A s.raightedge placed between known values of ground reso-
lution and ground coverage will intersect the center scale, Pivoting the straight-
edge about this point enables one to determine the transmisgion rate (in picture
elements per second) corresponding to a given readout time. In an analog commu-
nication system, the baseband frequency bandwidth required i{s approximately half
the transmission rate, since one frequency cycle corresponds o two picfure ele-
merts, For example, the disc of the Earth can be cevered with 1 mile nadir
resolution in a system r-ansmitting 6.4 x 106 picture elemenis per second and
using a readout time of 10 seconds. Figure 3-41 caxn be used to determine that
accomplishing this in one frame requires a sensor resolution of 8000 lines per
picture height, assuming a square raster.

I a mosaic of pictures is to be used for large area coverage,
several additional considerations are involved, If the maximum capability of the
sensor is most efficiently used, a square raster is required. To cover an area
that lies in a square inscribed within the disc of the Earth, suitable overiap of
individusl pictures must be allowed to ensure complete coverage. The percentage
of overlap will vary with the system and is influenced by vehicle stability and
pointing accuracy of the sensor system. If coverage of the disc of the Earth with
resolution greater than that allowed by one picturs is required, a mosaic ¢an be
used. Here, also, overlap should be considered.

There {8 another factor in this siwation. One might be tempted
to increase ground resolution by covering the Earth with two pictures, However,
nothing is gained in this situation, since the size of each frame is identical to tha!
in the one-frame case, The same situation applies for three-picture coverage of
the Earth. With four pictures, it is possible to increase ground resolution by a
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factor of two (linear dimension), But again, five-picture coverage is no better
than four-picture coverage. It can be seen that improvement is achieved only
when the number of frames is a perfect numerical square, i.e., 1,4,16,25,36,
ete, When this series reaches 49 pictures, another factor arises, With 49
frames, four will be in the corners of the Earth disc circumscribed square and
can be eliminated since they contain no useful information., Therefore, the above
serjes continues as: 45, 60, 77, All intermediate numbers offer no improvement
over the next lowest allowable oues from the series.

i. Size, Power, and Weight

It is well recognized that size, power, and weight are of prime
importance in satellite systems. It is likewise axiomatic that increased perfor-
mance is accompanied by increased penalties in these parameters. Trade-offs
are necessitated in the face of conflicting requirements of maximum performance
and reliability on the one hand, and minimum compiexity, size, weight, and power
on the other. While consideration was given to these parameters during the course
of the SMS study program, there was insufficient time and available data to fully
v&plor. {hem., Another complication is the current unavailability of an Image
Ortldcon camera system for satellite use. Presently available Image Orthicon
camera systems would require modifications to be compatible with long term
una:tended operation. It is possible to add remote control through telemetry to
exizting Image Orthicon systems, but this would not result in an optimum package.
Ca the other hand, Vidicon camera systems are used in Tiros, and are in an
advanced state of uevelopment for Nimbus. It is quite likely that even thes=
cameras can be miniaturized, perhaps using thin film techniques and integrated
motales,

There are several sizes and types of Vidicong and Image Orthi-
cons, and while specific aize, weight, and power are difficult to ascertain with
a fair degree of accuracy, it is possible to assess their positions on a relative
scale, In the Vidicon category, the 1/2 in. type (as used in Tiros) is most com-
pact and least complex. The 1 i1, and 1-1/2 in. tubes rank next. A considerable
savings in power, weight, and size can be achicved in the electrostatic versions
of these tubes. Even in the electrostatic types, there are further suhclasses of
electrostatic focus, magnetic deflection and the all-electrostatic version.

Image Orthicons are available in 2 in., 3 in., and 4-1/2 in.
diameters, with both electrostatic and magnetic versions in some classes. The
potentially most compact Image Orthicon camera is one built around the GE 2 in,
electrostatic tube. Both Hazeltine and GE are building camera systems using
this tube. The next most compact, low power camera would use the RCA 2 in,
magnetic Image Orthicon. A camera system using this tube is nnder development
by Raytronics. The Hazeltine and Raytronics cameras are intended for use in'
Nimbus, and will therefore contain control circuits for unattended operation.
GE's camera is a general purpose engineering model. Company plans are to
modify the camera for unattended operation by late 1964. The 3 in. and 4-1/2 in.
Image Orthicons are available only in the full magnetic iype, are larger and need
more power., However, their performance exceeds that of the smaller tubes,

Table 3-3 containg data on cameras which are either operational
or under development. All figures exclude the optical systems except where noted,
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TABLE 3-3

SUMMARY CHARACTERISTICS OF TYPICAL CAMERA SYSTEMS

Average
Camerg Tube Total Power Volume

Manufacturer Type Number Weight (Ib)  Watts cu. in.
General Electric 2 in, Z1-~7804 14 25 367

E.S. (GE)

L.O.
Hazeltine 2 in. Z1~-7804 15 30 320

E.S. (GE)

1.0,
Raytronics 2 in, C-74081 18 36 450

Mag. (RCA)

L.O.
RCA 1/2 in 7-73496 9.7 ] 184
(Tiros) Mag. (RCA) (Includes Lens)

vid.
RCA 1in, - 20.6 19 482
{(Nimbus~APTS) Mag.

vid,
RCA 1in. - 14 19 300
(Ranger}) Mag. (Includes Lens)

vid.
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2, Typical Examples

This subsection applies the considerations described above te implement
typical camera systems, Two examples are presented which are believed to be
typical of expected performance, although no formal optimization or error analysis
is executed. The performance guide lines within which each system is constrained
are as follows:

(1) Minimum Capability Vehicle
®»  Full Earth disc coverage
®  Spin-stahilized vehicle, 10 RPM spin rate
¢ Minimum size, weight, power
{2) Medium Capability Vehicle
¢  Full Earth disc coverage, low resolution

¢  Selected area, high resolution pictures, 25 frames
maximum

¢ (Cycle time, once every 30 minutes

®  Vehicle stabilization 0. 003 degree per second,
3-axis stabilized

® Moderate size, weight, power
a, Minimum Capability Vehicle

The requirements of minimum size, weight, and power dictate
the use of a Vidicon camera system. Although ground resolution is not specified,
a reasonable figure of not lesc than one scan line per 10 miles at the nadir will
be assumcd. D, 8. Johnson, in an article in the Journal of the SMPTE, January
1960, used a photograpn of a simulated satellite picture which shows that many
major cloud features are retained at this resviution. For a permissible smear
of 1/2 TV line (5 miies) at the 10 RPM spin rate, Figure 3-43 indicates an ex-
posure time of 0.2 millisecond,

Having selected a Vidicon suitable for slow scan operation and
an exposure time, we can predict the illumination levelg over which the system
will operate. A typical high sensitivity Vidicon (Machlett 7351A) produces 500
line resolution at 5 x 10-2 foot-candle on the photocathode. Another high sensi-
tivity Vidicon (Westinghouse WX-5915) is capable of 200 lines at 10~3 foot-candle.
With increased accelerating potentials and magnetic fields, the resolution increases
by about 60%, corresponding to 800 lines and 300 lines, respectively. These
figures are for normal scan rates. Following the procedure outlined in subsection
F.l.dthe illumination required is reduced by 10, and resolutios is increased by
50% when 2 10 second slow scan system is used. Thus 1200 lines should be ob-
tained at 5 x 1073 foot-candle, and 450 lines at 1 x 10~4 foot-candle for slow scan
operation with continuous imaging. For shuttered operation, the target is assumed
to be an excellent integrator, and the product foot-candle-seconds remains con-
stant, With a 10 second readout time, the ptotocathode illumination for 0.2 milli-
second exposure is 250 foot-candles for 1200 lines resolution, and 5 foot-candles
for 450 lines resolution. These illuminations correspond to highlight levels, and
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because of the dynamic range of the tube, det s will be observed at much lower
scene illumination., With the aid of Figure 3-41, it can be determined ihat 1200
lines, using a 1 in, Vi 'icon, will require a 1,25 in. focal length lens to cover
the disc of the Earth with less than 7 miles nadir resolution, From Figure 3-48
assuming an /1.5 lens and 60% scene reflectivity. it can be determined that

the scene illumination is about 3750 foot-candles for 250 foot-candles on the
photocathode, and 75 foot-candles for 5 foot-candles on the photocathode. These
values correspond to 1200 and 450 line resolution, respectively. The maximum
illumination Incident upon the photocathode during daylight hours is about 1006
foot~candles. To operate the Vidicon at its optimum illumination level (about
250 foot-candles), light control over a range of 4:1 is required. However, if

no light control is employed, the maximum illumination will be equivalent to

two f-stops above the knee of the transfer characteristic. This is tolerable be-
cause the knee is not well defined and also because typical commercial operation
is one f-stop above the knee.

The optical exposure is achieved with either a curtain type focal
plane shutter or a rotary focal plane shutter. By using a slow scan Vidicon, long
frame readout times can be employed with a concomitant reduction in video band-

width and transmitter power. Figure 3-49 shows that a transmission rate of
140, 000 picture elements per second corresponds to a 10 second readout. The
resulting video bandwidth is about 70 KC. Because of the slow readout time, it
may be necessary to use a digital sweep generator to obtain good linearity. The
shutter exposure initiation time can be obtained from a horizon sensor, which
indicates when the Earth comes into the field of view.

b. Medium Capability Vehicle

This system requires both full Earth coverage (assumed low
resolution) in one frame, and multiple-frame pictures at high resolution. With
a 3-axis stabilized vehicle whose stabilization rate is 0. (%3 degree per second,
Figure 3-20 shows that an exposure time of 1 secondwill producea 1 mile ground
smear, A 2in, Image Orthicon presently capable of 625 line resolution (square
raster) should resolve about 1000 lines at slow scan rates, From Figure 3-41
it can be determined that a 14 in. lens permits 1280 mile coverage at 1.3 mile
nadir resolution. Maximum ground smear is about 3/4 of a resolution element.
At standard scan rates, the RCA 2 in. Image Orthicon C-74081 produces 200
lines resolution at 3 x 106 foot-candle and 625 lines at 10~2 foot-candle on the
photocathode. Under slow scan operation, at 2 10 second frame time, the tube
should be capable of 1,000 lines at 10=3 foot-candle and 320 lines at 3 x 10~7
foot-candle, assuming continuous imaging and readout. For 1 second &: posure
and 10 second readout, the illumination requirements become 10~2 fooi~candle
for 1,000 lines, and 3 x 106 foot-candle for 320 lines. Using Figure 3-48,
assuming an f/4 lens and 60% scene reflectivity, it can be determined that 1,000
lines resolution occurs at 1 foot-candle on the scene and 320 lines resolution
occurs at 3 x 10~4 foot-candle. This latter illumination corresponds to that ob-
tained on the Earth under conditions between clear starlight and quarter Moon,
These values are for highlight illumination, so that details within the s~ene at
lower light levels will be seen at reduced resolution, although the tube's dynamic
range decreases with reduced illumination, To achieve optimum performance
under high illumination levels, it is necessary to attenuate the illumination so
that the photocathode level is maintained at 10=2 foot-candle. Table 2-14 shows
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that 808C foot-candles would be incident upon the sensor photocathode for a high
altitude (40,000 ft), high reflectivity (0.7) cloud, when the Sun is over the nadir.
The calculations were made using an /0.5 lens, Assuming that the worst condi-
tions resulted in 10,000 foot-candles with an £/0.5 lens, the photocathode illumina~-
tion with an £/4 lens would be approximaiely 160 foot-candles, The range of light
control required is then 1.6 x 104:1. This is well within the range obtainable with
neutral density filter wheels, (See subsection 3,E.) For illuminaiion levels below
the control range, the optical system is operating at maximum efficiency, and
tube parameters should be adjusted to accomodate varying illuminations, The
methods of paragraphs 3.E. 6 and 3. E.7 can be nsed to obtain maximum perform-
ance within the restrictions of limited light levels.

With the aid of Figure 3-49, it can he determined that a readout
time of 10 seconds requires a transmission rate of 100,000 picture slements per
second. A frame time of 10 seconds is judged to be a good compromise between
transmission rate (and therefore transmitter power), circuit complexity, number
of pictures in a sequs; e, and conservative design with reasonable expansion
capability.

To obtain full Eartb disc coverage in one picture, a Vidicon
system can be used that is identical to the one described for the minimum capabil~-
ity vehicle, Although a longer exposure time can be used (because of 3-axis stabil-
ization instead of spin stabiiization), it is difficult to take advantage of this to in-
cresse sensitivity, This is because correct exposure occurs for the picture high-
lights, and for more than 90% of the time gsome portion of the Earth disc is in
sunlight. If the sensitivity were increased to permit observation at full Moon con-
ditions, it could be used for less than 10% of the total observation time. Greater
utility could be made of this capability if occulting of the sunlit porticn of the Earth
is used, but it is Republic's opinion that the additional equipment complexity is
not justified by a corresponding increase in performance.

In operation, the wide angle Vidicon camera system will present
a coarse (7 mile), overall view o the cloud cover. The high resolution system
gives usable pictures at close to starlight illumination., At least 25 such pictures
can be transmitted in a 30 minute period. Assuming an overlap of 10% in the linear
direction of each picture, high resolution (1.3 miles at the nadir and at daylight)
pictures are obtained for that area of the Earth within its inscribed square. More
overlap would, of course, reduce the area coverage. A fixed program of sequenced
pictures can be used with ground override capability through the telemetry link,
This feature is useful when continued cbservation of a specific area is of interest.

During the 10 second frame time interval, the lenses of both
camera systems are capped. The wielding mirror can be repositioned during
this time. There is adequate time allotted to the light control systems to stabil-
ize and thus ensure 25 optimum pictures within a 30 minute interval.

Reference to Figure 3-45 shows that the high resolution lens
system (14 in. focal iengih, £/4 lens) will weigh between 5 and 10 1b.
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SECTION 4 - HEAT BUDGET MEASUREMENT

A. GENERAL

To gain knowledge of the heat budget of the Earth measurements are

desired relating the quantity of energy entering and leaving the Earth as viewed
from the SMS.

The quantity of energy entering can be precisely determined as a function
of time of day, time of year, position of the Moon, and phase of the Moon. The
quantity of energy leaving can be measured o a fairlv accurate degree within de-
fined spectral regions.

The energy leaves the Earth through two fundamental methods: reflection
and emission. The difference betw:en the energy falling on the Earth and that

lost by reflection, heats the various portions of the Earth (land, sea, and clouds).

These portions then reradiate (emit) the energy. The energy reradiated by each
portion can be trapped by cne of the other portions (i.e., land and sea to clouds)
but eventually it will be reradiated (Figr—e 4-1).

STARS | EARTH + ATMOSPHERE ]
XXX | l
XXX |
T¥ 4000+i0,000°K Vo
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‘Ir T Y 215=-310°K !
o\ A S ] | 4 T9 40 MICRONS
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‘ l ~~
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1204200 . |
+REFLEGTION | i
/ I ki \ 02 TO 4 MICRONS
H |
f l {REFLECTED FROM EARTH)
| L
1 EARTH 1
SUN » T Y225 TO 3200k |
‘ GRA( BODY ABSORPTION j
T¥8000°K N e ]
| REFLECTION |
|
T |

Figure 4-1. Energy Interchange Diagram
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It has peen found that the major portion of ~nergy lost by reflection occurs
at short wavelengths while the major portion of that lost by emission occurs af
longer wavelengths, It is desirable to utilize some of the natural atmospheric
phenomena to separate the two methods of energy less. In the originai choice
for the Nimbus spectrum coverage, five bands were recorded. Thege bands are
2. follows:

{1) 6.5>7.0 u (water vapor absorption)

{2) 10 to 11 u (atmospheric window for Earth radiation}

{2)  0.55 to 0.75 u (visible reference and daytime cloud cover)
(4) 7 to 30 u (thermal radiation)

(6) 0.2to 4 4 (reflected solar radiation)

The Nimbus resolution element size was 30 miles at the nadir with a
coverage of approximately 1800 miles across the frame. The instantaneous
field of view of the scanner was 50 milliradians with scanning in only one dirvec-
Hon being required, since the satellite's orbit previded the second scan dimen-
sion.

For the Tiros, in addition to the same type of five-channel radiometer used
in the Nimbus, a two-channel wide field radiometer was incoyporated. This
radiometer had an instantancous field of view of 50° and therefore had a ground
resolution of 370 miles. The spin of the vehicle provided the wmeans of scan
when the tilt of the vei.cle with respect to the nadir was considered. The two-
channel radiometer provided data in accordance with Suomi's Explorer VII experi-
ment, wherein the heat balance data obtained was for total radiation and infrared
radiation.

B. REQUIREMENTS

The Earlh's hoal budget requirements, as defined hy the NASA work state-
ment and subsequent redirection, are to be limited to the measurement of the
quantity of cnergy leaving the Earth. To aceomplish this objective, the spectral
bandwidth was defined to o' compass a maximum range of frem 0.2 to 40 microns.
The resolution of the heat budget measurements in terms of area coverage and
temperature has been dafined as from 109 to 300 miles, 1°C or bette: .Jor a high
resoiution system, and a singie data point full Earth coverage for a minimal
capability system.

A sensor survey was conducted to provide information on infrared sensing
devices. Since thermal imaging tubes and quantum detectors are limited in the
sp. :tra' bandwidth coverage as defined above, their inclusion as part of the
grvey is primarily for completenass of pnssible s2nsors.

C. SENSOR SURVEY

1. Gereral

The instrumentation for the measurements of the Earth's heat budget
requires the employment of radiaticn detectors that are sensitive over the spectral
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region extending from 0. 2 to 40 microns. The current state of the art offers a
wide selection of detecior types and characteristics, few of which meuvt this wide
reqiirement. A trade-off in method of measurement {wherein the spectral region
is divided and therefore a detector need only operate over a smaller spectral
increment) greatly increases the types of detectors which can be used. Not all

of the apparenily suitable detectors are usable for long-term measurements from
a vehicie in a space environment. Some of tae factors which immediately rule
out many detectors and relegate others to a state of extreme doubt are respon-
sivity, time constant, noise level, cperating temperature, and reliability.

infrared detectors may be classified into two principal groups: _

{1) Pointdetectors, in which the sensitive surface integrates the total in-
cident radiant energy and provides a single etectrical output signal

{(8) Area detectors, in which the two-dimensional distribution of
radiart energy incident o.: the sensitive surface produces a
corresponding variation in a parameter of the surface. Informa-
tion at every point in the field of view is provided by an appro-
priate electrical signal readout.

Point detectors in general require an exiernal method of varying the specific
area under investigation. These methods usually consist of varying the axial
angle of the optical system or shifting the detector over the focal plane. The
materials used as the sensitive surfaces for area detectors ave¢ the same types
tnat are used for point detectors, except that they are deposited over a large
extent of surface, or arranged in an extended mosaic of small elements. The
most prowising approach to area detectors is an imaging tube, sensitive to
infrared radiation. In this type of tube, the sensitive surface is deposited on the
face plate, which is also the infrered window, and is scanned by an electrou beam
to provide the electrical signal readout. These "thermal imaging tubes® and
their characteristics arz indicated in Section 5 of this voiume.

From 4 functicnal point of view, there are t'vo important classes of infrared
detectors for each of the above groups.

{1) Thermal detectors, in which the energy of the incident photons
is converted to lattice vibration in the seasitive material. This
effecl causes a local increase in temperature, producing a
measurable change of properties in the material.

(2) @Quantum detectors, in which absorption of the impinging photons
produces a change in state of the eleciron distribution within
the egensitive material.

The principal advantages of the thermal detentors are their broad range of
spectral response, and their ability to upsrate at higher temperatures than the
quantum néise temperature. Quantum deteciors, by coatrast, have extremely
limited spectral operating ranges and, in general, must be cooled o cryogenic
temperaturss for realization of ti:»ir optimal detection efficiency. The principal
disadvantage of the thermal detectors is their inherently siower speed of response
io radiation signais, as comp ared with the quantum detectors. The best thermal
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detectors have respense time capabilities only as short as 0.5 ta 1. 0 milli-
second, where the quantum detectors exhibit performance with time constanis
ag low as 0.1 microsecond. The quantum detectors exhihit superior detection
capabilities in the infrared spectrsl region; bowever, this superior detection
capability only exists over limited wavelengths., The limits of operation of each
guanfum detector are dependent upon the inaterial from which it is constructed.

2. Thermal Detectors

A thermal detector is one winch measures incident radiation through
a change in some physical property caused by an increase in the temperature of
the sensitive material. Thermal detectors have been widely used in the fields
of aboratory spectroscopy and radiometry, and a number of different types have
been developed for varicus applications. The more commonly used detectors
include: ’

° Thermocouples

* Thermopiles

@ Golay pneumatic detectors
hd Metal bolometers

. Thermistor bolometers

The thermocouple and thermopile indicate the presence of radiant
power by generation of a voltage at the junction of two dissimilar metats. The
thermopile consists of a series arrangement of 2 number of thermocouples
resulting in a greater detection sensitivity, but longer response time.

The Golay pneumatic detectcr exnpleys, as its sensing element, a
volume of xenon gas which expands when heated b;- vadiation incident on an
absorbing film. The increased gas pregsure causes flexure of a small membrane
on which is evaporated an antimeny mivror. The resulting optical deflection
produces niodulation of a light bream, which is seised by a photocell and converted
to an electrical output signal,

Both the metal bolometer and the thermistor bolometer respond to
incident radiation by a change in their electrical resistance. By placing the
bolemeter in a halanced bridges vircuit and a)olying a suitable DC bias voltage,
the resistance change is converted to an elestrical ouiput signal which may be
used to indicate tne intensity of the incident radiant power. Metal belonceters
are commonly fabricated of platinum, gold, and nickel in the form of thin films
or wires. Higher respoase units have been developed by varsous sophisgticated
techniques such as electroplating, vac.iam deposition, and sputtering of thin-
films, Thermistor bolometers are composed of sintered oxides of manganese,
cobalt, and nickel formed into flakes about 10 microns thick. These flakes are
mounted cn subsirates of glass, guartz, or other suitable heat sinks to obtain
fast response. Thermisior bolometer: are readilv availabie in either of two
material formulations known as Type 1 and Type 2, tse principal d:fference being -
th2 range of electrical resistance. Althoag' the altimate limit of detection of
the thermistor and metal bolometers is identical, the thermigetor has wider
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application because of its faster response and its superior responsivity (due to
higher temperature coefficient of resistancej, which may he as much as 1040
times zreater thaa for a metal bolomcter,

A gpecial type of meta® bolometer is based on the phenomenon of
superconductivity. Certain materials such as lead, tin, tantalum, niobium
nitride, and niobium stannide exhibit a sharp change in resistivity at temperatures
near absolute zero. Each of these materials has a critical temperature below
which its electrical resistance falls to essentially zero, and the materia! is said
to he supercondicting, By maintaining the material at the eritical temperature,
an extremely sensitive response io incident radiant power can be obtained as the
heating effect causes variation of resistance in the transition region. Unfortunately.
the transition takes place within only & few tenths or hundredths of a degree,
posing the difficult problem of extremely precise control of the tempzraiure.
Although the superconducting bolometer is superior in performance to the metal
and thermistor bolometers (because of reduced thermal noise and heat capacity
due to the low temperature) the problems cf low temperatur operation and
precise control prevent its being a practical device at th2 present time.

Of the thermal detectors described, all but the thermistor bolometer
must be eliminated as nractical devices for the SMS mission after consideration
of significant performance characteristics such as response time, responsivity,
and structural reliability. The thermistor has consistently been selected as the
most efficient thermal detector for airborne and spaceborne infrared detection
devices. particularly in systems requiring moderately fast data gathering
capability.

The considerations that define the specific performance requirements
and selection of a suitable thermistor bolometer datector are discussed clsewhere
in this section.

3. Quantum Detectors

This class of detectors encompasses a number of different materials
whmh exhibit changes in their electron distribution in response to incident photons,
or quanta. Ideally, quantum detectors measure the rate at which guanta are
ahsovbed; their response at any wavelength being proportional to the rate at which
the incident photons acrive at the surface. Because the number of photons per
second per unit of radiant power is proportional to wavelength, the response of 2
quantum detector should increase with wavelength. However, various factors
sucl. as spectral dependence of absorptivity and quantum efficiency contribute to
limit the effective utilization of energy fo relatively narrow ~egions of the infrared
spectrum.,

The following four different types of quantum responsss are currently
recognized in photon detector materiais.

a. Photoemissive Effect
The photoemissive effect is produced by the emission of free

alectruns from the sarface of the material in responss to incident photons. This
phenomenon is well known, and detectors of this type have been in comman use
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for many years. For the SMS heat budget measurements, photoemisgsive detectors
have virtually no application hecause their response is limifed to an extremely
narrow region of the infrarved spectrum.

b. Photoeonductive Effect

The photoconductive effect comes about through the production
of added carriers by the incident photons. The energy levels are not sufficient
to free electrons from the surface of the material, buf they become available
for additional conduction within the material. The result is an effective decrease
in electrical conductivity during exposure to incident photons. Materials exkibit-
inz this effect compose the greai majority of infrared gquantum detectors.

c. Photovoltaic Effect,

The photovoltaic effect 1s produced by the generation of free
electron-~hole pairs in the detector material at a point wher2 a p2tential barrier
exists. The diffusion of the free carriers is influenced by the electric field,
resulting in the production of an oufput voltage. Materials demonstrating this
effect have been investigated, but few have shown applicability to infrared detec-
tion. The aaly materials of this type in wide current use are indium antimonide
(InSb), indium arsenide (InAs), and gallium arsenide (GaAs).

d. Photoelectromagnetic Effect

The photoelectromagaetic etfect depends on the production of
free charges in the presence of a magnetic field. The diffusion of these carviers
is influenced by the magnetic field, and an output voltage 1s generated which is
mdicative of the incident photon rate. The only useful infrared detecting materials
of this type ave indium antimonide (InSb) and indium arsenide (InAs).

A consideranle amount of development of photocondactive detectors nas been
accomplished and is still in progress. Continued efforts are being made to
improve the sansitivity and extend the spectral response of these detectors. At
present, due to their restricted spectral response characteristics, most cf the
photoconductors find their widest application in the inter.ned.ate infrared region
to approximately 9 or 10 microns. A few detectors have shown capabilities at
wavelengths up to 20 microns, and work is currently being performed on materials
which extend as high as 40 microns. A tabulation of the more significant quantum
dctectors and their coaracteristics, some of which have security classification,
is presented in Volume 7 of this report, which is classified.

The utility of quantum detectors is affected not oaly by their spectral
response charactevistics, but alsc by the requirement that many must be operated
at cryogenic tempazaratures, particularly those that exhibit good sensitivity at the
longer wavelengths. The earlier photoconductors, such as lead sulphide (PbS)
ana lead selenide (1’bSe) can be oparated at roory ambient temperature, bag their
spectral capabsilities are limited to 2.5 microns and 4. 2 micrens, respectively,
Indium antimonide can also be operated at room temperature up fo 7 microns, but
its sensitivity is inferior to the others by almost two orders of magnifude. Tha
spectral cuatoffs »f PbS and PbS: can be extended to 3.6 microns and 5.4 micronas,

46



-

[Su—

PRSI oo pr————
B pard.

[N

[

,__....‘
Pt

[FUSRS |

ey

respectively, with an order of magnitude increase in sensizivity, by cooling them
to an operating temperature of 195°%%, This is within the capability of available
thermoelectric cooling devices, aud the resulting sensitivities compare favorably
with those of the more exotic detectors. The difficulty, of course, is that the
spectral coverage is still inadequate fur long wavelength heat budgst measure-
ments. Under the same temperature condition, InSu resgouse is rediced to 6
microns, and even with the accompanying sensitivity increase it is stul an order
of magnitude below the lead salts.

By cooling to 77°K, further significant improverment in sensitivity is obtained
for PbS, PbSe, and InSo, but the gains in spectral bandwidih are modest. At
this point,; the impurity {ypc photoconductors become importani. For example,
T7°K, gold-doped germardum (Ge:Au) will provide good sensitivity up to 7.1
microne.

To extend the speciral bandwidth beyond 7 microns, detector materials
raust be cooled below T7°K by using gaseous or liquid helium crycgenerators.
At 50K, zinc-antimony-doped germanium (Ge:Zn, Sb) performs vp to 15 microns;
zinc-antimony-doped germanium-silicon alloy (Ge-Si:Zn, Sb) performs up to 13
microns, and gold-doped germanium-silicon alloy (Ge-Si: Au) performs up to 10
inicrons. Below 25°%K, cadmium-~doped germanium (Ge:;Cd) is useful to 21 microns;
and below 20°K,copper-doped germanium (Ge:Cu) performs to 27 microns, The
material yielding the best far-infrared respoanse is zinc-doped germanium (Ge:Zn)
which extends to 39 microng, but requires an cperating temperature of 4. 2°K.

Although some of the more recent quantum detector developments appear to
be approsching the performance that is required for long wavelength heat budget
measirements, there are fundamental considerarions that make ¢heir application
to the SMS vehicle problematical af the present time. Two of the most outstanding
of these gproblems follow: -

(1} A practical cryogenic cooling system to opcrate in a 3pace
environment for extended periods of time has not yet heen
developed. i

(2) Long waveleny.h quantum deteciors are still being investigated
and are not readily available as practical, reliable components.

Although these considerations appear to present formidable obstaclies to the
immediate use of quantum detectors, there is a considerable level of effort being
expended towards further development and improvement of detzctors and coolers.
It is nct unrealistic to anticipate that practical operational components might be
available for use in the near ruture.

D. SYSTLM CONSIDERATIONS

1.  Optical

Tn obtuin data for any heat budget measurement, it is desirable to
mclude all v -elengths from 0.2 to 40 microns. If refractive optics are used for .
optical gain, only several materials csn be used for the optics. The materials
which can be used inciude cesium bromide, cesium iodide, and diamond. The



refractive index of these materials is also essentially constant over the desired
spectral range. Unfortunately, the cesium compounds are extremely soluble in
water and are hygroscopic, Diamond has yet to be manufactured in the size
required for lenses. Another possibility fo. refractive aptics is to divide up the
spectrum into the two regions. (0.2 to 4 and 4 to 40 microns) and use separate
optimum refractive optics for each region. Implementation of data calibration
becomes difficult, and should a scanning system be employed, the data correla~
tion problem is made even more difficulf,

A gecond method of obtaining optical gain is tc use reflective optics. If
frunt surface reflection is used, all wavelengths are reflected in the same manner
and the system is essentially independent of wavelength of the impinging radiation.
In this instance, only one optical sysiem is required for scanning or nonscanning
systems. Some form of spectral division and filtering will be required to separate
the desired information into spectral regions due to the detector limitations indi-
cated in subsection C. A pure polished germanium flat located 45° to the focal
axig could readily perform this fuuction, Its reflection characteristics would
cause all wavelengths less than 4 microns to be totally refiected,. Wavelengths
longer than 4 microns will be transmitted 50% or more, depending un the
characteristics of the anti-reflection coating used. Additior 2l filters of different
materia’s can be employed to further def ae the spectral irradiance impinging
on the detector. The weight of optics used to obtain heat budget data would be
comparable to that described for a cloud cover sensor which utilizes reflective
optics, wherein the diameter of the optics is the weight determining factor. A
weight saving can be realized by u.ilizing an "egg-crate" or "honeycomb'
structure for supporting the mirror surface, and by employing lightweight
structural members.

2, Temperature

When detectors require cooling to temperatures below amuient, a
means of removing heat from the detectors must be incorporated in the system.
£averal methods can accomplish this to varying degrees. Among the methods
which ere applicable to a vehicle in space are:

Sublimation cooling systems
Space heat-sink cooling systems
Open cycle cryogenic systems
losed vycle cryogenic systems
Thermoelectric cooling systems

Joule~-Thompson effect

‘The last four of tie al. e methods ave considered standard methods
for infrared systems and further explanation of the techniques involved can be
found in Volume 5, Section 4 on infrared cooling. The first two methods are
described here:
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a. Sublimation Croling
Sublimation cooling systems use the vacuum property of the
spaze in which the vehicle is expected to operate. As defined by the following
equatjon:

6 - Gy ) emn

100 sec cm
where G = rate of vaporization per unil surface area
p = vapor pressure at temperature T in Torr (mm of Rg)
T = temperature in degrees Kelvin
M = molecular weight of the material

The amount of heat removed from the bulk material is equal
to the sum of the heat of fusion and the heat of vaporization (solid to iiquid +
liquid to gas). A typical exampie using hydrogen (13 calories per gram and 10§
calories per gram heat of fusion and vaporization) indicates a system weight of
approximately 65 1b for a cooling system operating at 13° Kelvin for one year
when the heat load is in the order of 100 milliwatts.

b. Radiative Cooling
Space can be used for a heat sink. Unfortunately the cryogenic

temperatures which must be obtained indicate that a large radiator must be used.
The area of the radiator can be determined from the equation

1.92 x 10°w
L S
€T
wiere A = the aresa in square feet
W = the heat load in watts
¢ = the emissivity of the radiator surface

T = the temperature of the radiator in degrees Kelvin

when it is assumed that no heat is ixupinging on the radiator (radiator is not
pointing toward the Sun),

In actuality, the radiator heat sink (space) is not absolute zero
but some small temperature above, due to all contributing sources. If it is
assumed that this temperaturc is 4°K,then for all absolute radiator temperntures
above 12.6°K the radiator area will be affected less than 1%, For a 1 watt heat
load at a temperature of 30°K, the area required would be 265 4. ft when the
emisgivity of the radiator is 0, %e¢.



3. Sensor Protection

When thermally sensitive devices are used to determine temperature,
they are restricted in their regions of ncrmal operation. A sensor which uses
the Sun as its signal source will not be able to '"see” the Earth, and inversely, a
sensor which used the Earth as its signal source should not be permitted to look
at the &um.

Sensor protection from direct Sun cr specularly reflected sunlight
from cirrus clouds will be required. It is suggested that a solenoid operated
shutter be inserted in the light path to prevent all radiation from falling on the
detector when the energy in a defined field of view exceeds a specified valuzs.
Two items which should independently cause the shutter to operate to the close
position are the sensor being off, anc an excessive signal.

The Sun can impinge 100,000 times the normal expected energy on
the detector. Considering the maximum orientation rate of change of the vehicle,
the shutter must operate within 1 millisecond when the instantaneous field of
view is 4.5 milliradians (100 mile resolution element). With an assumed Sun
temperature of 6000° K, the maximum shutter time can be calculated from the
formula

t = 1.17x 10"1401[(1 + k) T}4/3'

where t

IH

the shutter operation time in seconds

T = the detected temperature at which a shutter operation signal
is initiated
k = the maximum allowable normalized increase over T
¢ = the instanteous field of view in milliradians for a square
detector
B8’ = the transmussion luctor for tne Sun path
(1+k)T = the maximum temperature that the detector can view without

being damaged

For larger fields of view (above 5 milliradians) the limited angular
coverage from the Sun (round Sun effect) tends to increase the actual value of
t. For a round detector, t will also tend to increase.

E. SYSTEM ANALYSIS
For the SMS, the radiometei can assume several configurations.

The first configuration to be considered would be a nonscanning radiometer
looking at the entire Earth., The basic philosophy of the sensor would be in
accordance with Suomi's experiment, wherein the radiation is impinged on
separate black and white painted thermistors each located at the apex of a cone.

As in Suomi's experiment, the black painted thermistor is sensitive to all radiation
wavelengths and the white only to the infrared. To maximize the differential

4-10
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response, the conical angle subtended by the detector's field of view should be
equal to or less than the conical angle subtended by the Earth as viewed from
the satellite, Since this angle is approximately 17.2° {0.3 radians), the total
capture angle is 9. 0715 steradians. The gain introduced by a cone is now .
function of the detector area and the areas of both ends of the cone, provided that
the ends of the cone are greatly different in area. The temperature of the walls
of the cone influences the data and therefore must be taken into account. A

4 g} simple chopping wheel in front of the large end of the cone causes the cone to
Y become a black body charaber when the end is closed by the chopper. If the
temperatures of the chopper and cone walls arc known, the signal can be cali-
brated. If spectral filtering is desired, the signal should be chopped prior to
and afier filtering (at different rates) to provide accuracy of measurement. A
temperature sensitivity of better than 0. 02° can be obtained with a system of
this type.
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A second configuration utilizing the same basic philosophy as the first could
be considered for a high resolution Earth scanning system. The scanning mirrors
: would be external to the detection system. Constant diameter tubes could be used
i instead of cones, to restrict the field of view of the %lack and white thermistors.

The length of a tuioe would determine the instantaneous field of view for any finite
v~ diameter tube. With a thermistor detector of approximately 1/2 in. diameter at
1% the window surface, the length of the tubes becoiaes fairly large for any reason-
’ able ground resolution (i.e., apprcximately 37 inches for a ground resclution of
_ 300 miles). The emissivity and temperature gradient along the tube will have an
H effect, causing a reduction in sensitivity. It is therefore consi lered impractical
au to use the Suomi philosophy for a high resolution system (high resclution is
defined for this case as any instantaneous field of view below 2°).

A third configuration utilizes reflective type collection optics for gain. In
a nonscant.ing system for the whole Earth heat budget, the diameter and focal
.- length of these optics are exiremely short. The short optics produce problems
1. physical implementation of the theoretical parameters. As such,it is felt that
e the Suomi type systein yields more practical performance values,

R VLS

x: A fourth configuration would also utilize opcics for gain., These optics would
IR have a scanning capability. The instantaneous field of view would be restricted
to a small portion of the total field of view, The optical system would be all-

o reflective so that all wavelengths could be received. The total energy content

N from the instantaneous area received by the optics would be divided by a pure
b polished germanium flat (beam splitter). The reflected beam from we fiat

.- contains the majority of the reflected solar data which is impinged on one detec-
i tor, while the transmitted beam through the flat (which contains the infrared
b emitted data) is impinged on a second detector.

P

i Choppers (reticles) permit the use of high gain AC amplifiers. When known
3”, references are used to establish the gain of the amplifier, absoclute temperature
] can be determined very accurately.
%é: Based on the present requirerment for heat budget measurement, it is felt
that only the fourth type of configu .- :tion, which utilizes a scanning optical system,
oy has the required capability. 'This type of configuraticn also has the greatest
é g; ~ potential in terms of resolution (spatial) improvement,
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The optical scanning heat budget system was further analyzed. The sigpal
output from the system is in analog form and is related to the absolute teu per-
ature of the average target in the field of view. The signal is converted to digital
form prior to transmission.

For the analyzed system, it was found desirable to ""overscan' the the
Earth so that the uncertainty in the local vertical would not cause any loss of data.
A total scan zngle of 20° was therefore assumed.

For this confiygovation, it is assumed that a thermistor bolometer is used
to detect the infrarcd cnergy passing through the germanium flat, and a photo-
multiplier or second thermistor detector is used to detect the energy reflected
from the germanium flaf.

The equation whic' affects the seiection of infrared equipment parameters
follows

IR /T 42
49.3 VA hC./T 418

1 AD? /T

NET =

for an equipment in a synchronous orbit which must view the full Earth the
/Atot h can be assumed to be 175 x 106 then

8.63 x 10° c/Tf 4211

NET - -
T ¢8AD% Vi

where NET

il

noise equivalent temperature in legrees C

=
f

focal length

= optical efficiency

= any lifier bandpass in CPS

= reticle chopping factor

= emissivity ci target

- atmospberic transmission over the spectral region
= targef feraperature in degrees K

= target avea in square miles

= diameter of optics in inches

g P - A Qo
It

= total time to scan the full raster

The above equation has been set up in the nomograpl in Figure 4-2, A typical
system can be selected parametrically as follows:

g1



L S e PR RN s Gl N St L I I e S O

S UARE T AT s e ARy - agnen MO ) SR R 0 WO AT & £ % S h e Wit g P s BT o —
< o \ L
' v '
ﬂ;QV ﬂg\ S11VM l-v L o % \ﬂ.v ‘nv aw- m Kﬁv K»v AM. L.w
3ONVLIINT LNVIQVH TYLNINIHONI ; N N T v + + + — +
o~
(c) _ "o 238

8

+.l

ALIAISSINZ LNVIOVYH " M

100
Arm

(1) NIAI3X S338630 =
JUNLIVHIANGL 30HNOS

4225
1250
ars
300
+3235
JLsoo

LY Silivk o
Lo 'GION ¥MOM031La T

2 .

GALANFT . v, 4O KIANOAN

¥3 nOa

4107
4»5
+3
02
+0-8
s

|

3

2
L"

<P3
4
1o
$500
$300

(i}  $aN033S . am e © Rl 8 8 8
INIL NOISSI. “S¥dl VIV WANYE 1104 o et + +

MOGNIM HC *23130 QISHINWI XIANI IAILOVHIEY
ANVISNOD SINIMATI FHiNVI 40 YIGNN—» m

{13) SIHONI
HION3T WO0d W3ILSAS

t2
oL

(o) Ww IYYNOS
{3A1L03443) vIUY ¥OLD3130 LINN

(V) S3W JHYNOS
(HLY¥V3 L1vd4) 4OVH3IA0D GNNOYD

(p ww
30iS 80193130 LINN

# 3 NILSAS WIILIO
: ONI
¥313WNVIa Jcoﬁaoﬂwm_»_mww.uuu

(S 19

3
+.2
\

(¥) 1N3OY¥ad
ADN3ICI443 TVIILd0

() SANOIISI 1IN 0| o] o -
ANVLSNOD IN'L 8013130 : +

{Q) S3IHONI Yo R N
YILIANVIC TVOLLCO 3NML N m ") o]

3
~N
ANVISNOD HLIGIMANYE WIANNINY —»

\9)

149) 840 o
H10IMONYE FON3HIJAN

2

LNVISNOD HLOIMONYE 3ON3HII3YH —o m

auo .
:,uzu:auzua..,ozu.z»o_;ozixu:_.{z« ,
3
w

[

g

(12}

fl
?o $200
{303 300
120 4500 Wi gal

ho lio?

S

HO

30

50 | @
{co
{200

o ¢
OllvYd HLlQIMC%:VE

{,0d3N) ZWI/SLiIVM
¥2MOd AINDI 3IGION

(4) 8dD
SSY4ONVE HIIINTdNY

100

\ 03
S
110°%

2 7
3t :/
4
1s
4»'0‘” 4300

(3NITT 3DN3IY¥I43N)-»

'4
\_‘%\1

(14)
s T

{3) ¥OLOVI OMIddOHD '~ N =@ Q
HOLOV4 NOILYINAON 3SION Ol TYNOIS T ) '

150
+100

A:mﬁ\
12
13
15
Ly

s 16
wlO"/‘* 50

(Qd3N)  ZWO/SLLVM &
¥IMOd AIND2 3BION WIiSAS g

03
+5

TQ

(16

t2
13
ts
0.0'3
+2
13
-8
+ |°-2

<
1
(13N) 2 §33¥030 e
INNLYNIINIL AINDI 3SION a

3
]
+10-!
2
3
]
o0

T~

+10-7

(HY) "wo/s11vm
IONVICVNY! TVH103dS TVININIHONI

+5
-LB
2
4i0-8
45
13
2
.u'o-’




LA T ey

Ay
L

s

P o——-

H ]

£

§ i
Lo, [N

——— ——
:
— e s

——
:
| S

g w
g 2
= g
ra
§ 2"
2 £3
-
b =3
2 £3
3 0
- %
03 o0
5 B
z - Zo
azx -~
2 ﬁ »n
3k 4
< £3
110-6
4»2
Jps
‘]-l "5
4»2
+3
(2} is 4108
+10
\_20 $2
‘;SQ 0.3
+80
leoo\ is
(3) \
\N.'O-ﬂ
+2
iz

RESTRICTIONS: o) THERMISTOR TYPE
BOLOMETER

b) WAVE LENGTH -
4 TO 40 MICRONS

¢) SPATIAL SCANNING
SYSTEM

d) REFERENCE RETICLE
FOR 8/n IMPROVEMENT

NET = ki*Cf1 /5

T380% /1
k=863 X 10° FOR 20° SQUARE
RASTER AT 22,240 MILES

Figure 4-2, Parametric Reiationship Nomograph
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(12)

Select the lowest expected target temperature (T) and the lowest
expected emissivity of the target (¢) and draw line 1:
for T = 200°K and ¢=0.5, AW =8,5x 10-5

Determine the approximaie percentage of atmospheric {rans-
mission (8) for the selected target temperature from Figure
2-17, Section 2, and draw line 2; AW = 8,5 x, 1079

and B=25% {from Equation 2-17), AH = 10

Select the instantaneous resolution area (A) to be scanned and
draw line 3; fog [SN =10 and A = 200 x 200 miles,
AHA =8 x107

Using the same area (A) selected in siep (3), draw line 4 to
obtain the number of these elements in a square raster:
for A = 200 x 200 number of elements = 1600,

A typical thermister detector such as the Servotherm (Servo
Corp.) Model No. $133140D has a data sheet which indicates
an NEP of 3 x 1072 watts and a time constant of 4 milliseconds
when the size of the detector flake is 1 mm x 1 mm. A silver
chloride window is used on this detector. The NEP, 7, and
d are entered on the nomograph.

Since a flat window is used on this detector, the net refractive
index ig 1 and line 5 can be drawn to determine the effective
area of the detector: for d = 1 mm and flat window, a = 1 mm*,

Using the same ground area (A) selected in step (3) and the
effective area (a) from step (6), draw line 6 to determine the
system focal length: for A= 2x 104 miles 2 anda =1 mm?
f£=4 inches.

By assuming an F number for the optical system, a true optical
diameter (d) can be determined by drawing line 7 from the focal
length determined in step (7): for f£=4.0 in. and F = 2,0,
D=2,0in,

An effective optical diameter (D7)} 18 obtain. ® by assuming an
optical efficiency (£) and drawing line 8 from the true diameter
obtained in step (§): for D= 2,0 in, and £=0,75, Dy = 1.6

The NEPD ' of a bridge system (system capable of DC amplifica-
tion) can be determined by drawing line 9 from the NEP entered

in step (6) through the effsctive optical diameter (Dq) determined
in step f‘)) for NEP of 3 x 1079 with Dy =1.6in., NEPD =

4 x 10710 watts/em?2,

Using the time constant T entered in step (5) and the area of
step (3), the total transmission time for full Earth coverage
with an unchopped system can be found by drawing line 10:

for T = 4 milliseconds and A = 4 x 104 milesz, t = 20 seconds.

The required amplifier handwidth can he obtained from the
detector time constant entered in step (5) by drawing line 11:
for 1= 4 wmilliscconds, amplifier bandwidth = 40 CPS.

4-14
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(13) The amplifier bandwidth determined in step (12) is also the
chopping frequency when 2 reacle is used. An information
ceference bandwidth (Af) can be obtained by drawing line 12 from
the amplifier bandwidth {chopping frequency): for chopping
frequency 40 CPS, Af = 65 CPS.

(14) When a reticle and chopping frequency are system parameters,
a bandpass (f) has to be assumed for the amplifier. By drawing
line 13 from the Af obtained in atep (13) to this assumed band-
pass, 4 bandwidth ratio can be obtained; for Af =65 and f = 2,
Af/f = 32, The transmigsiontime t is now 1600/2f = 400 seconds.

(15) A reticie also tends to reduce the average amount of energy
available to the defector. If the reticle has the 50% average
transmission factor (energy totally chscured 50% of the time)
a chopping factor (C) of 2 is said to exist. From the NEPD'
from step (10), draw line 14 {o {he assumed chopping factor.

(16) The system NEPD is determined by the crossed intersection
of line 14 and the reference line by drawing line 15 through
the same point from the bandwidth rasio found in step (14):
for C=2, NEPD =4 x 10710 and Af/f = 32, NEPD = 1.6 x 10-10,

{(17) The system NET is deterained by the ratio of the NEPD found
in step (16) and the AH) »>btained from step (3). This ratio
i8 determined when line 1i is constructed: for AHy = 8 x 1079
and NEPD = 1.6 x 16719, NET = 0.2°C.

In the example shown in the nomograph, the following items were assumed:

T = 200°
¢ = 0.5
A=4x104t
F=2

L = 5%
C =2

f = 2CP8

The B of 256% was obtained from Figure 2-17 based on the T of 200°K. Detector
parameters were considered fixed at NEP = 3 x 10-9 watts; dxd = 1 mm?;
T= 4 milliseconds; and a flat window.

Design parameters obtained were f4 = 4in.; D = 2in,;and t = 400
seconds. ) ..

Amplifier bandwidth center establisbed at 40 CPS and NET = 0. 02°C,
When the same types of detector resirictions are used for the second

configuration as were utilized in Suomi's experiment (detector size selectable
and not mounted in 2 standard shell) it is feasible to obtain data with a limited
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angular resolution and usable NET. The nomograph of Figure 4-2 can still be
used in the same manner as before except that the focal length obtained is half
the length of a constant diameter tube whose true aperture is equal to the detector
area. Af tube lengths greater than four times the detector diameter, a conical
configuration can be used with the included angle equal to the instantaneous field
of view., The true aperture is degraded to an effective aperture by including the
losses due to the cone walls and usable area of the detector in reiation to the
area of base of the cone, and other heat losses.

1 e A s i o By e

The order of magnitude of a system can be estimated from the nomographs
W (assuming a 50% reduction from the true aperfure). Assuming a detector flake
of 1 mm2 effective area, the optical diameter for a cone whose approximate
length is 17-1/2 in. is found to be 0.156 in. plus 1 mm or 0.16 in. total. The
effective diameter ig therefore 0.08 in. From the nomograph, a NET of better
than 10° C can ve obiained for this system.

g A medium resolution (angular) Suomi type scnsor can be postulated. This

L] sensor would require scanning optics. For a NET of 0. 2°C, the angular field

! of view (using the nomograph) would be of the order of 43 milliradians, or a

: grouna cuverage diameter of 950 miles (assuming no system losses). When

, system losses are included, the coverage must be increased to compensate for

v the losses. The svstem can be assumed to be of the form a2 x NET = k, where
« is the instantaneous field of view in millirc lians, NET is noise equivalent
temperature in degrees centigrade, and k isaconstant, A NET of 2° is obtainable
) in the lossless system when the ground resolution is 300 miles in diameter. This
P type of performance trade-off i3 indicated in Figure 4-3.

For purpcses of this report, three different vehicles are being considered.
In order of size they are 100 1b, 500 1b, and 1000 lb. The 100 Ib vehicle would
be spin-stabilized, while the 500 and 1000 lb vehicles would be stabilized in guch

I

ﬁ:’,g&: LT witd

a fashion that they would constantly face the Earth.
b
i The high resolution system, to have a reasonable temperature sensitivity,
i must use an optical system for gain. A typical system of this type is indicated
B in the nomograph in Figure 4-2, The previously described c% X NET =k
#5 relationship is still applicable. except that the constant is dependent upon the

size of the optical system. The constant is sraller for this type of system as
indicated in Figure 4-3. Some losses must stili be included (i.e., germanium
flat, etc.). The weight, power, and volume requiremen’s of this type of system
are the maximum of the three usable types described in subsection E. The reli-
ability is the lowest,

A whole earth Suomi type sensor is reliable, consumes very little power,
and does not cust much in weight and vehicle space., 1t is felt that this experiment
can be carried on all vehicles,

A medium angular resolution Suomi type system has some advantages (i.e.,
very little power is required for the sensor). The majorityof the power will be
reguired for the scanning mirror. The reliability of the system is degraded due
to the incerporation of this mirror and its driving mechanism,
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Figure 4-3. Spatial Resolution Versus Temperature Resolution Trade-Off

‘Whaen a chopper is used, the NET would improve by some factor dependent
upon the chop factor, detector time constant, and amplifier bandpass. The
reliability would tend to decrease, while the weight, power, and volume of such
a systcm would increase.

Conz efficiency at the large and small ends, thermistor mounting tolerance,
wall absorpticz and conduction, detector emissivity, lead conduetion, and
several other factors all contribute o losses which exist in the system. An
approximation of the effect of these tactors is indicated in Figure 4-3. The
normal method of constriction of this device would be to include some roughly
calculated gross safety factor and then to calibrate the instrument upon comple-
tion of construction, These medium resolution systema could find use in all
threce velicle configurations.
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If weighting factors can be given to the function of angular resoclution,
temperature resolution, weight, power, volume, reliability and any other function
deemed relevant, then the optimum type of system for any vehicle can be deter-
mined. The weight to be given to each factor must be determined by the user in
accordance with the end result desired for a particular application.

F. BIBLIOGRAPHY

DeWaard, R., "Plastic Technology in Satellite Optics,' Barnes Engineer-
ing Company, Product Design and Engineering, 1961

Hanel, R. A., "A Low-Resolution Unchopped Radiometer for Satellites,"
Goddard Space ¥light Center, NASA Technical Note, 1961

Holter, M. R., Nudelman, S., Suits, G. H., Wolfe, W. L., and Zissis,
G. J., Fundamentals ¢f Infrared Technology, MacMillan, 1962

Hummer, R. F., and Malinowski, F. R., "Nimbus Five-Channel Scanning
Radiometer," Sanfa Barbara Research Center, IRIS Paper, 1963

Weinstein, A. 1., Friedman, A. 8., and Gross, U. E., "Cooling fo
Cryogenic Temperature by Sublimatinn," Aerojei-General Asirionics Division,
IRIS Paper, 1962

State-of-the-Art Report - Infrared Quantum Detectors, Institute of Science
and Technology, The University of Michigan, IRTA Report MAVEXOS-¥-2323,
1961

State-of-the-Art Report - Optical Materials for Infrared Instrumentation,
University of Michigan, Willow Run Laboratory. IRIA Report 2389-11-8, 1959

418

T e

Samsaty

Fopon

[y

~

22




i ey
s

ey
[P,

O eonkrtey ey
[WrA— SIS S

oy
>t

PRSP
'

J—— iy
Ta——— -

p— prem——
N./‘—M\Il P

_._._._‘_

S

SECTION 5 - INFRARED SYSTEMS FOR CLOUD COVER IMAGING

A. GENERAL

The requirements for obtaining low and high resolution pictures of the
Earth's cloud cover are outlined in subsection 3, B. The cloud imaging sys-
tems described therein use sensors that are sensitive to radiation only in the
visible region of the electromagnetic spectrum. The requirement for cloud
cover pictures during night conditions, with the attendant low level of reflected
visible illumination, suggests the possibility of exploiting the longer wavelength
infrared radiative characteristics of ¢louds as an energy source for the imag-
ing of night cloud cover, The principal advantage in using the infrared spectrum’
is that the cloud masses, which behave characteristically almost as black body
thermal radiators, provide a higher level of self-radiant power over this much
broader spectral region than is available in reflected visible light originating
from night illumination sources.

B. INFRARED TRANSMISSION

The capability of an infrared device to provide a usable image of clouds
against Earth background depends almost entirely on detecting differences in
radiant power between the clouds and the Earth background, that is, temperature
contrast, If the clouds and background were the only faciors to be considered,
then the problem of designing an infrared cevice would be fairly conventional be-
cause the contrasi under those conditions is a fairly well understood function of
temperatures and emissivities. Howevev, analysis of the case in which the in-
frared device is to be at a remote location in space is considerably more com-
plex, because the radiations must pass through the Earth's atmosphere where
deterioration of contrast iakes place as a result of mr~lecular absorpticn, parti-
culate scattering, temperature inversion, and other ».ocesses., Although the
mecnanics and qualitative effects of these various phenomena are reasonably
well understood, there does not yet exist a means for quantitative expression of
results to be expected under these conditions. Analysis of infrared data from
Tiros and other satellites might improve this situation,

The transmissgion of infrared radiation through theatmosphere is gubject
to selective attenuation as a result of absorption by molecules present in the
Earth's atmosphere. Figure 5-1 indicates the absorption spectra of molecules
present in the atmosphere, with the composite atmospheric absorption character-
istic shown a‘ the bottom of the figure. Observation of the composite solar-
absorption spectrum shows that there are two principal spectral regions {atmo~
spheric "windows") that are transparent with respect to infrared energy. The
first transparent region, which is from 1 micron to 5 miocrons,will transmit
roughly 50% of the radiant energy there, There is an opague reg.on from §
mic~ons to 8 microns, A second window, irom 8 microns to 14 microns, will
pass about 80% of the radiant energy there. Other windows exist in the longer
wavelength regions of the spectrum, but effective use can not be made of them
in space applications of infrared devices, because infrared detector technology
is not sufficiently advanced.
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Figure 5-1, Near Infrared Solar Radiation and the
Absorptivity of Various Compounds in
the Atmosphere

The infrared windows are shown in relation to the Earth's radiant
energy distribution in Figure 5-2, The total radiant energy present in the
windows is represented by tne shaded areas under the curve, The 8 to 14
micron region contains approximately 32% of the total radiant energy, and the
1 to 5 micron region contains orly 0.33%. In designing an infrared device, it
would be extremely desirable to use the 8 t0 14 micron region, becsuse the
available energy is vastly greater than in the 1 to 5 micron window. At the
present time, long wavelength infrared detectors of quantum types are not
adequate for sustained use in a space environment. The appiication of thermal
detectors, which have the required long waveleng(h capability, is severely
liraited by virtue of the other performarnce factors discussed in Section 4.

1, Imaging Systeins

The two basic types of infrared systems that might be used for
cloud cover imaging are the object plane scanner, aund the image plane scanner,
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Figure 5-2, Earth Radiation and Atmospheric Windows

In the object planc scanner, the dete ztor, which is located at the
focus of the opiical system, receives energy from a small element of the total
field of view. The optical system i moved so that it will cause the detector
to look sequentially at contiguous elements of the field unti! the entire area is
covered., In the simplest case of a spinning satellite, the scanning motion of
the optics is imparted by the spinning and orbital velocities of the vehicle.

The instantaneous field of view of the system is adjusted so that each rotation
of the vehicle sweeps out a transverse strip equal in width to the orbiial distance
traversed during that time, which results in a conti. :ous map of contiguously
scanned strips, When the satellite is vertically stohilized, without spin, the
transverse scan must be provided by the imaging system, in which case a de~
flecting element, such as a mirror or a prism interposed in the incident energy
path, is rotated at a rate commensurate with the orbital rate and the system re-
solution to provide contiguous scan lines. In the most advanced situation, where
the satellite is vertically stabilized and in synchronous orbit (no motion relative
to the surface of the Earth), scanning in both dimensions must be provided hy
the imaging system. When object plane scanning is used, the two dimensional
scan must be achieved by a mechanical method, Of the many methods available
f)or ms:rumenting the required type of scan, most can be eliminaved on the
ases of:
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(1» Mechanical complexity
(2) Excessive mass of moving romponents
(3) Excessive changes in momentum

(4)  Structursi problems arising from high translational and
rotational velocities.

For satellite application, the most desirable type of system is one
in which mechanical motion occurs at a constant, moderate speed and involves
low mass elements in a simple mechanical configuration, One device that ful-
fills these requirements is a diasporameter scan system, in which two optical
wedges are rotated relative to one another to cause the axis of an otherwise
fixed optical system to be deflected in predictable fashion. A system of this
type is analyzed later in this section.

In the image plane scanner, (he entire area of interest is imaged on
an extended detecting surface. The distribution of thermal energy in the viewed
scene is reproduced on the sensitive surface at the image plane, which produces
corresponding variations in a parameter of the sensitive surface. The informa-
tion obtained by this imaging nrocess is rernoved and converted to electrical sig-
nals by scanning the surface with an electron beam. The image plane scausner
has the desirable characteristic of requirirg no moving parts (the scanning pro-
cess being accomplished entirely by electronic techniques). The difficulties in
implementing this type of system so that it can opera‘e in the infrared spectral
region arise from problems of manufacturing detector surfaces having the re-
quisite sensitivity, uniformity, and resolution,

2. Detectors

The object plane scauner makes use of a detector wiich fills the in-
stantaneous field of view of the scanner, Since the instantaneous field estab-
lishes the finest angular resolution capability of the system, the detector sur-
face is usually quite small in systems with optics cf pructical size. The class
of infrared detectors known as "point detectors" would be employed for this
type of imaging system. A detailed description of thermal and quentum point
detectors is given in Section 4, and Volume 7, Table 7-2and Figure 7-1. While
many of the available inirared detectors have excellent sensitivity, there are
basic obstacles to their extended use in a space vehicle,

In the case of quantum detecturs, the major problem js that of
maintaining the required operating temperatures of 77°K or lower, Cooling
systems Lavirg this capability have not yet been developed for extended opera-
tion in space. Even if present developmental systems could be made usable,
there is serious doubt whether the large electrical power and volume require-
ments could be readily supplied in a space vehicle, particularly if reliability con-
siderations dictated a need for redundancy.

Perhaps the most important problem in using thermal point detectors
(thermistor bolometers) is that the response time {time constant) of a bolometer
is very long compared with quantum detectors, The better bolometers have
time constants no shorter than 1 millisecond, which restricts the information-
acquisition rate to 500 CP3, In systems where highsr data rates are requiregd,
bolometers can be arranged in arrays with a separate electronic channel

5-4
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required for each arrav element, The separate channels must eventualiy be
reduced to a single information channel; therefore, electronic commutators
with very stable DC characteristics and extremely low switchin -noiez levels
are required. The information rate rec aired for application in a synchronous
satellite, under near optimum conditions, is a minimum 5000 CPS and pro-
bably will be higher (al least 10, 000 CPS). I bolometers were to b. used, 10
to 20 channels would be required, resulting in complexity and unreliability
congidered excessive for long term satellite use. Furthermore a

large DC bias voltage (several hundred voiis) of extremely low nuise lovel is
required for bolometer operation. Atteripts to provide electronic supplies for
this purpose have been unsuccessful; the only aiternative is the use of high
voltage batteries. Because rechargeable, high volta,_ storage batteries are
not readily available, dry cells or mercury batteries must be used.

The image plane scanner uses an area detector, of which the only
practical confignration is the infrared image tube. Two tvpes of infrared image
tubes are curreiily available:

(1) The infrared Vidicon, which operates like a conventional
Vidicon, excert for its region of speciral sensitivity,

(2) The thermal image tube, in which an absorbing layer conducts
incident thermal energy to a layer of thermistor material.
The impinging infrared image produces corresponuing variations
in the electrical resistance of the sensitive surface.

The infrared Vidicon uses a photoconductive sensitive suriace which
must be cooled in order to attain useful sensitivity. Current developmental in-
frared Vidicons require cooling to temperatures of 77°K or lower, and their
spectral responses are resiricted to a few microas, Recent developments have
produced a tube which has acceptable sensitivity at 150°K, but the frame storage
characteristics are inadequate., Other work is being done to achieve spectral
response extending to 13 microns, but cperating temperatures of 4,2°K are re-
quired.

The thermal image tube, although it operat-s a¢ room ambient tem-
peratures and has a spectral respouse to 2( microns or more, presents other
problems, principally, sensitivity, response time, and resolution. To dsfte,
temperature sensitivity of approximately 12°C s the best obtained, although 4°C
sensitivity has been achieved in the laboratory with cooling applied to the tuke.
The response time of thermal tubes is characteristically much longer than
photoconductors, presenting the problem of long data acquisition times and
image smearing due to vehicle attitude uncertainty., Also, the best resolution
obtainable is 250 to 300 TV lines (estimated) which cen provide ground resolu~ °
tion of 30 miles at best, with a full Earth fieid of view, Some independent work
is being done to develop thermal image tubes further, but it is doubtful if
significant breakthroughs can be expected in the near future.
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3.  Resolution

The state of the art in object plane scanning devices is such that
no finer angu.ar resolution than apprnximately 1 milliradian can be achieved
under controlled conditions with useful sensitivity, In a practical system,
when various parameters, such as aperture effects, extraneous noise sources,
and target recognition and interpretation are considered, the limiting resolution
appears t¢c more nearly approach 2 milliradians, For the SMS system, 2 milli-
radians corresponds {0 a ground resclution of approximately 45 miles. Inan
objert plane scanner this figure is invariant, regardiess of the total field of view
angle,

Ir. \he image tube scanner, the considerations are somewhat different.
Here the resolution is determined by the number of elements (lines) that can be
resclved on the sensitive surface, and has a complex dependence on surface
granularity, uniformity, and thermal diffusion as well as on electron beam char-
acteristics and electron optics parameters. The best available infrared thermal
image tubes provide resolution of approximately 250 to 300 lines, or about 30
miles ground resolution with full Earth coverage., With the image plane scanning
system, the ground resolution can be improved by narrowing the total field of
view, since the number of resolution lines remains constant. If the field is
reduced from full Earth coverage to 1200 mile coverage, then the ground resolu-
ticn becomos approximately 4.5 miles.

The resolution cons.derations for the optics of an infrared system
also have some influence on the physical size of the optics. The Rayleigh limit
criterion can restrict the minimum diameter of the optics. This effect occurs
much sooner for the longer wavelengths, The equation for the Rayleigh limit
can be written in the form

_ 47,25 x 1070

o -
= (5-1)
where a = instantaneous field of view in radians

K = wavelength of the radiation in microns

D = diameter of the optics in inches

The instantaneous field of view and its relation to the ground resolu~
tion at the nadir obeys the equation

L=0Ch (5-2)

1

where L
o
h

resolution in miles
instantaneous field of view in radians
altitude in miles

"

The above equations have been constructed in Figure 5-3, In the ex-
ample given, a 2 mile resolution element would require s minimum optical dia~
meter of 5 in, when the wavelength is 10 microns. For operation in the 8 to 14
micron window, the minimum diameter would be 7 in. The resolution in miles

.at the nadir is stated in Eq (5-2).

—— .
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The spot size of the focal plane along the focal axis can be stated in the equation
d=afl (5-3)

where d = spot size in inches
« = instantanecous field of view in radians
fl = focal length in inches

The above equations have been constructed in Figure 5-4. In the
example given, a 2 mile resolution element would require an L1 in. focal length
for a detector spot size of 0,001 in. The instantaneous field of view is 0.9 x 1674
radian.

The combined use of Figures 5-3 and 5-4 reveals that for a 2 mile
ground resolution, an infrared system operating in the 8 to 14 micron region
must have a focal length of 11 in. for a 0.001 in., spot size, and the diameter
of the system must be greater than 7 in. The f/number of the system is there-
fore 1,57.

C. CLOUD IMAGING SYSTEM DESIGN FACTORS

1, Scope

This subsection presents the development of relationship. significant
to the design of an infrared imaging system, and to the equation defining its detec-
ting capability. The system is presumed to be borne in a synchronous satellite
at an orbit altitude of 22,240 miles, The physical characteristics of the system
are tuken as follows:

(1) Optics

i Collector type, parabolic mirror
o Field of view, 20° (0. 35 radian)
A Focal ratio N =f/D=1

(2) Detector

hd Type, PLSe, thermoelectric cooling to 200°K
®  Detectivity, D* = 5 x 107 cm-cpsl/2 watt-1

(3) Vehicle attitude rate, 0.01° per second (1,75 x 107 radian
per second).

The focal ratio, N, is the guotient of effective aperture diameter, D,
into the focal length, fl. Henc-, it has the same meaning as the f/number used
in photography as a measure of speed or light-gathering power. The normalized
detectivity, D* is a figure of merit for the weakest signal detectible under the
indicated test conditions.

A diasporameter type of scanner is used to cover the conical field
of view, This type of scanner uses two optical wedges rotating at different
speeds to deflect the optical axis progressively in such a way as to generate a
spiral scan pattern., This spiral scan results in a circular frame, more efficient
than-a square one fo2 viewing a round object such as the Earth,



100~ \ l 1o
0 | .
ot maazzsuo'“%-
: aH=GRD RESOLUTIOM AT NADIR
20 — — ’
@ 10 MICRONS A ,
8 (3] "'"t—‘--r—’ V i
3 5 OPTICS 'N B g 5 ul
: f z INCHES Vy s
-1 T / 2 Z
i S 2r— CP
- % z 00 v 8
R wl ™~
Ok DU dE
. & / 2
. z () on 2
i ER )
A N 7 %/ 7 7 :
2 / 02
/// / 7 / //1/ s K
N -5 -4 -3
5 10 z 5 0% 2 § 10 2 5 0 2 5 10

!NSTANTANEOUS FIELD OF VIEW If! RADIANS

Figure 5-3. Rayleigh Limit Criterion

o

o
“o?;

[

; | / 7777 100
Y 2 AaV/ 7 aVe
/’/ “ 77 50
K / /// # { 20
o @%( : . KA:’(/ /4:, / V. b o
/& .
g, Sy AL AT e L,
: I 7 7 f 7 - " FIELD OF VIEW CE
§ 2 # // /,50/:& /a’flﬁs’rxﬁe'ile_gwni . g
g ,ﬁ?’?%,{@@ﬁ/g ; T ) g
g //(;}/’/&/,‘!9@% g '/’ : i
/
gy

SRR ./ T

i B, e T8 we 2 ks 2 8 0% 2 -3 2
& — INSTANTANEOUS FIELD OF WWEW s ove 80
IN RADIANS

Figure 5-4. Instantanecis Field of View Versus Resolution




P et
i

i

2, Besclution Elements, E

In the interest of simplicity, the number of resoclution elements in
the scan frame is determined approximately. The approximation used wili re-
sult in a somewhat conservative figure for overall syster sensitivity, but ad-
justments can be made if desired. The scan field is assumed to be generated
by a sumber of spirals C, and to have angular resolution of element size @,
The field is approxirated by C concentric circles, each composed of the same
number of resolution eleinents, The total number of resolution elements, E,
in the field is then:
1wy’ 108 '-

— 3T 3 (5-4)
a, 10 o, 10 2 .

=3
e}
S

whera = field of view, radians )
@ = angular resolutior milliradians

The scan time per element is short enough so that vehicle motion
introduces negligible blur.

3. Scan Frame Time, 3

The scan frame time is a function of the permissible geometric dis-
tortion in the picture that arises as a result of vehicle angular motion, The dis-
tortion, d, is considered as the angular motion of the vehicie equivalent to 1/4
of a resoluticm element during a scan frame. The time required to scan a
frame is then:

_d -3_ @ -3
8= -5:' . 10 —4*——““). . 10 {5-5)
where 8 = frame time, seconds
¢ = distortion
w = vebicle angular rate, radians per 8econd

V.

4, Data Rahe, DR ) o

The scan field is assumed to be composed of a number £ alternate
black and white resclution elements, representing two discrete levels of radi-

* ation intensity; ‘The rate at which data bits are scanned is

Vv

‘."..x%’ —V N . ‘ 4
DR = - o (5-8)

. -where DB = data rate, biﬁs per saeond

5.'.':mmome Bandwidth, BW -
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f BW =3 DR (5-7)
l where BW = electrom. bandwidth ir CPS
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Substituting Eys (5-4), {5~5), and (5-6), Eq (5-7) becomes:

i Terw 9
BW =——=-—- , 10 (5-8)

6.  Spirals per Scan ¥Frame, C

For complete coverage of the scan field, a spiral is required for
each resolution element along the radius of the field, F.

Q=

F _ 1 _ F |3 -
5 - 3= g 10 (5-9)

where C = number of spirais per frame

7. Scan Retational Rate, « s

. To complete a scan frame, the total number of spirals per frame
must be generated during the frame time. The scan rotational rate is:

, C
; wy = ¢ (5-10)
.
N where wg = scan rotational rate in RPS
4 Substituting Egs (5-5) and (3-9), Eq. (5-10) becomes:
N )’ -
. 4w 2Fw
- ¥ 3 v 3 v 6
N é W, = = , 100 , —p— ., 107 =—3 . 10 (5-11)
{ E S 20 (44 o
[ B ) Equation (5~11) defines the angular rate of the prism that determines the basic
. A scan rate, The second prism, which generates the apiral pattern, must spin
] at an angular rate of:
Wee w1+ e ) (5-12
s” %\ 3¢/ {6-12)
o 8. Optical Relationships

A square detector element is considered here, For angular resolution,
o, andoptical focal length, £, the dimension of a detector located at the foezl
point of the optics is:

a=fa, 107 (5-13)

t;', P 5 B - 5""10
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where a = detector side in centimeters
f = focal length in centimeters
a = resolution in milliradians
The detector area, Ad’ is then
2 - 2 g
Ag=a (5-14)
The area of the collecting mirror is
m)i
Ay =3
and the focal ratio, N, of the optics is:
f
N ==
Do .
Therefore:
A= 1% (5~15)
4 N .

From the geometfry of the optics and the solid angle of the instantaneous field of
view,

3 - T3 (5-16)

where A = area of instantaneous field of view

9. System Sensitivity Reiationships

- One measure of the sensitivity of a detecting system is its capability
to distinguish between two adjacent sources of different radiant powers. Aes a
general approach, consider two sources at abgolute temperatures T; and Tg.
The difference in radiant power (& W) from the two gources is:
_ 4 4 ’ =
Aw = Ay El 0T -~ AjgE, 0O T2 , {5-17)

where Al and Az source aress

E1 and E2 = gouirce emissivities
’1‘1 and T2 = gource temperatures
o4 = Siephan-Boltzmann constant

In an imaging system, A, = A, = A = angular resolution field. It will be assumed

that the sources gre black bodies where E) = E, = 1. Then Eq (5-17) becomes:

vy

Bult, . L
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If the temperatures T} and 'I‘z are very close to one another, Eq
{5-18) can be expressed in an approximate form more convenient for mani-
pulation. Becausc
w o 4
rel o T 1

by differentiating:

dwW _, .3

‘—"A_—‘4~_T1 dt
and

Aw 3 A

7-—40"1‘1 Afl

Because the sources are extended area sources, the radiation flux density per
unit source area, according to Lambert's Law, is:

3
Ap = }_ A___ ~ 40 Tl A'EJ:
. Twmc A r
where P = flux density, watte per steradian per square centimeter

The solid angle subtended by the collecting mirror is A /Rz, where R is the
distance to the source. The total power available at the detector is then:

(%)
Q
P = (BP)S3 (8)
R
or
wrlar,
P=—a—1%, . (A) (5-19)

2
R

If a value of minimum detectable power is defined for which P = NEP (noise
equivalent power), then ATl hecomes, by definition, the minimum detectable
temperature difference, NET (noise equivalent temperature), and:

40T,5A A
NEP = (NET) — 2
T R
or
T nz
NET = (5-20)

(NEP) , AAC T3

The detector figure of merit D* is defined as:

5-12
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Substituting in Eq (6-20) gives:

y Ay BW 7 1

NET = B . ZA; A 'O_‘T""g’l

By making substitutions from Egs (5-8), (5-13), (5-14), {5-15), and (5-16),

and introducing an optical transmission efficiency factor, n, thea:

I%Nsz.
D*fozzo'r nJ/a

NET =

gi‘urther subsﬁmtion of D* 5 x 10 {cm--cps /2 _ watt 1) and o=
5. 67 x 1071 (watt-cm -2, degree—4) yields:

69.2 Nz ~[_::
faT J—

NET =

(5-21)

(5-22)

for this specific application it will be considered that w, ,» N, and T are invariant

and:
n = 0,5
w, = 1.75x 10 radian per secobnd
N =
T1 = 250°K
Therefore:
NET = ~13F—
fa” Jo

(5-23)

To express this relationship as a function of linear resolution at the

Earth's surface, the substitution r = 22.24 ¢ is made:.

7 = ground resolution in miles
o = angular resolution in milliradians

273

fz‘zﬁ

NET =

65-13

(5-24)

Sy e

o et ra e = o
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10, System Performance

Equation {5-23) expresses the dependence of system sexsitivity on factors
that are generally a function of the mission and the characteristics of the vehicle,
Imaging systems characteristically require fine resoluticn and low distortion, both
of which influence NET in an adverse direction. In gepsral, the requirement for
fine resolution is of greater importance because a mildly distorted image could be
interpreted, wherezs one with insufficlent detail is of no value. (For which reason
considerable caution must be exercised when specifying the resolution requirement
of a system,) Variation of the focal iength presents a means of partial compensation
for sensitivity reduction due to improvement of resolution, In the system under con-
sideration, av increase in focal length causes a corresponding increase in the dia-
meter of the collecting optics because of the fixed focal ratio. If increased size of
the optics is no problem, then this alternative could be used within the limits of
attendant secondary effects, such as optical fabrication problems and structural
effects in rotating members, In cases where a larger optical diameter is imprac-
tical, focal length cannot be increased because the focal raiio, N, will increase,
resulting in disproportionately lower optical gain and a net loss in sensitivity, as
shown in Eq 5-22.

Figures 5--5 and 5-6 shcw the effect an NET of varying the parameters
of Eq (5-24). Figure 5-7 shows how the scanning prism rotational speed is affected
by choice of system resolution. (Also refer toEq (5~11).)This factor should not
be ignored in a system design because the rotational rates could be severely limited
by structural problems, mechanical wear, and vibratics.
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D. CONTRAST AND ATMOSPHERIC EFFECTS

The required NET for an imaging system is determined principally by the con~
{rast characteristics of the object field. For example, in a reconnaissance or
mupping system, the average contrast between adjacent terrain features is iow,
requiring a syetem NET of considerably less than 1°C for usefui data. In a cloud
against Earth ime fing system, however, higher contrast generally exists between
subject and background, permitting a less stringent requirement on NET, Clouds
vary in temperature from as low as 210K to 290°K, and the occurrence of cloud to
Earth contrast of less than 1 or 2° would be rare. This means that a system having
a NET of approximgtely 2°C would see the cloud patterns most of the time, with oc-
casional lapses into blindness when low contrast occurs,

Another aspect of the contrast problem arises as a resuit of atmospheric
abgorption and scattering of the radiant energy, an area in which little data are
available with reference to transmission through vertical paths into space, Certainly,
some degree of contrast loss is to be expected, but most clouds generally exist at
altitudes sufficiently high to avoid the most significant portion of absorption in the
‘ow altitude, higher density region of the atmosphere., The phenomencn of particulate
scattering exhibits depeadence both on particle size and on particle density. Again,
there is a rapid decrease in scattering with height above the Earth's surface, due
to the decreasing particle size and density. The distribution of particle size is
usually such that there is less scattering at the longer wavelengths, and scattering
attenuation ir less pronounced in the middle and far infrared regions than it is in the
near infrared, where zzain it is less than in the visible wavelengths. Another factor
that works to advantage is that in many cases the cloud tops are associated with, but
puysically above, a temperature inversion which tends t» limit the majority of the
particulate matter to the atmosphere below the inversion,

Scattering is not the only type of atmospheric aitenuation, In addition, there
are selective absorption effects involved. These effects depend on, and vary with,
the constituents of tue atmosphere, , The water conient of the atmosphere introduces
large variations.

Considering all of these factors, it is to be expected that the atmosphere will
reduce the apparent contrast among objects at the surface of whe Earth, but that it
will enhance the contrast of clouds against Earth background because of the altitude
difference and associafed discrimination against radiations from the Earth's surface,
in particular against the shorter wavelengths that go with higher temperatures.

The atmospheric filtering effects for the SMS can be expected to be sub--
stantialiy the scame as those for any other satellite, Hence, it will be useful to
review the experience and data available from Tiros, Nimbus, and other satellite
programs.

Pogitive quantitative conclusions cannot be made now concerning the extent
of atmospheric attenuation. In an imaging system design, some factor must be
included te account for attenuation, but, at the present time, it can only be esti-
mated on the baris of comprehensive strdies of the phenomena involved., In the
system sensitivity analysis presented here, a transmission efficiency factor, n,
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of 50% was used for calculation purposes. This factor was not intended to Include
atmospheric atteauation, but was meant rather to portray a conservative estimate

of optical efficiency. In a firm system design, the estimated atmosgpheric attenuation
factor must be incorporated as a separate factor.

E. OPTICAL MATERIALS

The optical transmission factor, 71, which was arbitrarily set at 50%, is pri-
marily a function of the materials used for the rotating prisms and the detector
window., A commonly used infrared-tranemitting material, whick is available in
sizes to 18 in, diameter and which has good stable mechanical characteristics, is
arscnic trisulphide, A89S3. The spectral transmission of arsenic trisulphide ex~
tends from 1 micron to 12.5 microns, which is more than adequate for a PbSe de-
tector, A dissdvantage of this material is its attanuation, which pecmits only 80%
of the energy to pass (in typical thickne:ues), causing a net attenuation to 64% when
two prism elements are cascaded. A fu: ‘her optical lo.s is sustained through the
detector window, where sapphire, which ias a transmission efficiency of 90%, but
a spectral range extending only to 5 microns, should be used. With a sapphire de-
tector window, the net optical attenuation, including 4% for primary mirror reflection
loss, would reduce the transmission to 53%. A definite improvement in this figure
could be achieved by using sapphire throughout, if it were available in the requirsd
configuration, In this event, the net transmission would be about 70%.

In either case, a further loss would be sustained if a protective window were
required in front of the optics. It is felt, however, that after consideration of the
environment of the system, a design could be evolved that would eliminate the need
for such a window,

F. DYNAMIC RANGE

An mmportant design consideration for an imaging system is the dynamic range
of th~ signal to which the detector is exposed. During most of its operation in the
EMS, the equipment will view areas of darkness, daylight, and sometimen the Sun
itself, This requires particular design consideration to prevent overloading the
detector and/or electronic system. Also, immediately before and after the short
period of total darkness, during which time the equipment has its greatest utility,
it could be exposed to direct radiation from the Sun, which could damage the detect-
ing element permanently, PFrotection of the detector against divect solar incidence
can be solved by automatically (or permanently) interposing a germanium shutter;
this will attenuate about 92% of the solar-spectrum energy while passing about 40%
of the infrared energy, The problem of the large range of signals resulting from
the Earth's brightness range must be studied carefully before a solution can be post-
wated, If overloading cf the system occurs as a result of insufficient range in the
electronics, measures such ag gignal limiting and signal compression could be
taken, If the overloading ocours in the detector, the proklem is more serious,
requiring further study in the areas of detector materials and the possible use of
variable optical filters.
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SECTIONM 6- PROBLEM AREAS
A, GENERAL

During the course of the study, it was possible to isolate a number of siznifi~
cant problem areas relating to the meteoroclogicaisensors. Many of these ure con-
sidered in this section. Wherever possible, recommendations and suggesticns for
possible solutions are included.

B. STANDARDIZATION OF NOMENCLATURE AND MEASUREMENTS

During the sensor survey portion of the program, a mumber of potential
cioud cover and heat budget measuring devices were stadied, and 2 substaatial
amount of measured data was accumulated on the performance of these sensorr
It soon became clear that considerable variation exists in defining performance
parameters, and in measuring such quantities, In the visual cloud cover-TV
imaging device area, for example, tube resolution is often expres jed in TV lines
per picture height, TV lines per target diagonal, TV lines per horizonta: .ic-
ture width, as well as the ambiguous term, "TV lines." Other examples . { ambi-
guity exist, both in the visual and inirared areas,

In addition to the problem of nomenclature, a very real difficulty arises in
attempting to compare data on similar sensors. In TV imaging sysiems, for
example, data on resoluiion performance under conditions of varying integraiion
times and scan rates i8 scanty at best (as described below in subsection C) and
thorouzhly nonatandard in content. Thus, some expe' imenters have determined
integration and slow scan effects by, displayingthe video information on the goreen
of a monitor, utilizing the observer's eye withits inherent 0, 2 second effective
integration time, to determine resolution. Other expeiimenters, in an attempt
to circumvent the screen-eye combination, have resorted to photographing the
monitor screen. Often, where the scene i3 s.ationary, several exposures are made
and the integration property of the film is utilized. The net result of these effcrte
hias been to accumulate data which is not necessarily comrarable; however in many
instances these experimental procedures were aimed at vnderstanding the mechanising
involved, rother than gathering dat- Even under standard commercial operation,
measurement procedures have not been completely standardized. While wide use
{8 mads of the RETM A square-wave response resolution charts in determining tube
performance, a number of comparies are now utilizing sine-wave response charts
in their measurements.

It appears that there are both short and long range solutione to these prok-
lems. The immediate sclution is for each system engineer, working with published
data, to exercise great caution inusingthese data insysiem designandanalysis. Where
data units are not clearly indicated ( as in the case of resolution stated in "TV lines')
or where required infor ution is not readily available ( as, for example, in the case
of resolution data on Vidicons ) the sensor manufacturer should be contacted and
questioned at length on these matiers before such data are used.

As a long ~ange effort, the appropriate technical group ( RETMA, -r perhaps
the IEEE in the case of TV imaging systems, and IRIS in the infraved fiela ) shoula
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attempt to standardize both nomenclature and measurement procedures, and bring
pressure to bear for the adoption of these standards throughout the industry. While
some success has already been achieved in this area, considerably more work re-
mains to be cone.

C. UNAVAILABLE TUBE DATA

While substantial amounts of data exis. on the performance of TV imaging
sensors operated at s.andard coromercial TV rates ( where frame integration and
scanning times each equal 1/30 second ) virtually no data exist on longer integration
times and slow scan systems. Much of the data that does exist on Image Orthicons
operated under these slow scan conditions appear in Section 3. subsection C. 6.
About the only commercially avajlable data on Vidicons operated in this fashion
appear in data sheets on slow scan tubes.

The above problems are emphasized in Section 3, subsection F, wlere a
system analysis is presented of the visual spectral region cloud cover sensor
systems. Based on Republic's estimates and evaluation of what little data exist, it
was assumed that increasing frame (scan) time from 1/30 second to 10 seconds
would improve sensitivity by a factor of ten for a continuously imaged system; i.e.,
only 1/10 as much illumination would be required for the same resolution. In addi-
tion, the slow scan readout would resuit in a resolution improvement of approximately
50%. Since the stabilization requirements of the 3-axis stabilized satellite yielded
a maximum tolerable scene exposure time of 1 second, an increagse of perhaps ten
times in iliumination is required over that needed for a 10 second exposure. Thus,
the net effect of going to a 1 second exposure and 10 seconds frame time, as com-
pareu to the 1/30 second frame time continuous exposure case. is identical sensi-
tivity with a 50% improvement in resolution. These data are presented in Figure 3-48.

The basic need however, is for detailed data on the effects described above.
Estimates, such as the ones made in the preceding paragraphs, as well as theoreti-
cal treatments, such as those piven in Section 3, subsection C.5, are satisfactory
for establishing general frends, but certainly they do not provide a substantial basis
on which to design and predici the performance of specific systems. The lack of
definitive data on nonstandard operation of these tubes is understandable, Until re-
cently, there was little interest in, or need to operate such devices in modes other
than those required for normal commercial broadcasting. Recent requirements,
arising from astronownical, military, und satellite needs, have changed the situa-
tion somewhat in the past few years. Even today, with tube manufacturers empha-
sizing the commercial aspects of TV imaging systemse, there is comparatively
little impetus for these companies to gather such data. In general, the problem has
been placed with the camera chain developers to obtain such information for their
own particular applications, and they, along with the sensor manufacturers and
the ultimate users of such systems, are beginning to generate the required informa-
tion,

Performance data oa Image Orthicons and Vidicons is especially needed with
regard to resolution, signal to noise ratio, aperture response as a function of slow
multiple and single scan operation, and integration in the storage section. Data on
other tubes ( Ebicons, Isocons, SEC Vidicons, etc.) are also critically needed.
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It is recognized that obtaining data as a function of variation in tube oper-
ating parameters igs sometimes a difficult process. For this reason, the develop-
ment of specific equipment to accomplish these ends is a vital necessi.y. The most
advanced equipment of this nature was recently described in a requirement establishoad
by the NASA Aeronomy and Meteorology Division at Goddard. Basically, the instru-
ment is a universal tube tester, capable of exerciging a variety of TV imaging tubes
through a range of illumination levels, exposure {integration) times, and rcadout
times. With this device, it will be possible to generate data needed to predict the
actual performance of potential systems under a wide range of operating conditions,
Also, this data will Le standardized, fully comparable { from tube to tube ) and
obtairable in a much shorter time than has previcusly been possible. Republic con~
siders it vital that this type of program be encouraged. It appears to offer the most
feasible and direct means yet proposed for bringing order out of chaos in the tube
data field, and removing one of the most serious impediments currently existing
in the development of special purpose TV imaging systems. Also, the availability
of such a device will most certainly stimulate independent researchers, as well as
sensor manufacturers, to a more complete understanding of tne mechanisms in-
volved in tube operation; and for this reason alone, the development of this equip-
ment is more than justified.

D. IMAGE ORTHICONS FOR SPACE APPLICATIONS

The use of Image Orthicons in the cloud cover sensor system for the SMS
program introduces two types of problems which warrant consideration. The first
problem relates to optimizing the use of such sensors in a feasible, operational
system, and points to the unique advantages which accrue to a stationary sateilite
system, when a ground based observer is incorporated into the control loop. The
second problem stems from the general requirement of operating 2 sensitive elec-
tronic device in a space environment, and involves the poteptial problems which
arise therefrom, and the degree of automation needed to assure adequate system
performance with high reliability during an orbital lifetime of one year. These prob~
lem areas are discussed in greater detail in the following paragraphs.

In analyzing sensor systems for the SMS, it is comparatively simple to indi-
cate the problems generated by the satellite parameters. The formidable stabiliza-
tion requirements and relatively large optical system beth arise primarily from the
necessity for achieving adequate resolution for meaningful meteorological observa-
tion from an extreme altitude. One point sometimes missed is that the very character-
istics which render adequate resolution difficult to obtain also serve to yield unique
benefits which are not to be found in other meteorological satellites. Since the SMS
always remains essentially fixed over an equatorial ground point, and is always in
sight of the command and control station in North America, a good opportunity exists
to factor a ground based ohserver into the picture taking sequence. This presents a
distinct advantage over the Tiros and Nimbus satellites, which remain within sight
of their command stations for a comparatively short portion of any given orbit. The
near-real time transmission of sensor d a from the SMS should enable an observer
at the command station to examine each irame of cloud cover photography, determine
the quality of the resulting picture, decide on which camera chain parameters to vary
to improve and optimize the photograph, and transmit the appropria‘e commands to
the satellite sensor system. The requirement, then, is that the necessary adjustment
capability be built into the satellite camera system.
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Since goime parameeer adjusnnent cagactty must be prévided it ig of interest

- to determine which parameters are involved. The image Orthicon represents an ex-

cellent senso o consider, since ita range, sensifivity, and complexity of adjustment
far exceed th: | of the Vidicon. Nevertheéless, the basic eoncept of grmmdwontrolled
adjmtment ale o 3pplies eqaauy weil to the Vidicon senisor.

I the ca8e of a2 Tmage Orihicon camera cham it woxrid appear that beam
eurcent, illumination on the photocathode, focus and deflestion fields (either electro~
static or magnetic), electrente zoom { in the case of the GE 2 in. electrostatic
Orthicon ), target voltage, . image section accelerating voltage, video AGC, and band-
width rolloff-adjustment, as well as numerous other parameters could pmﬁtably be

-adjusted to optimize system performance. Also, perhaps integration (exposure) time

and readut {sean) time could be varied, If many or all of these adjustments are to

. b made from the ground, the means for varying these parameters must be built

irto the samera chain itself; i.e., potentiometers, switches, variable voltage

: supplies, ate., must all be incorporated into the satellite-borne system. If this is
" the case, the addition of appropriate diagnostic sensors and contrcl circuits would
-, enable automatic, intexnal adjusiment of these paramatera withous the need for the

grwnd link. The extent to which the systern should be self-adjusting, as opposed to
adjusﬁng upon ground command, is rather difficult to determine at this point, and
requires additional study. It seems clear that the degree of automated self-adiusi~
ment needed would be less than in a Nimbus-type camera, because of the near-real
time data transmission and the presence of the observer in the control loop. On the
other hand, a sumberv of these functions could quite probably be better handled if

- internally adjusted, particularly those relating to automatic occuliation and Sun pro-

tecfion,

In summary, i appears that many - ->tions should be made self-adjusting,
v.ih vireually all of them capable of comm. «d adjustment, with ground override
vihera requized. Such a system would provide maximum flexibility witk improved
reliability, and is apt to be less complex than a fully automsted internally adjustable

- system, which would bave to carry additional parameter 'mrlation sensors and
) more comphoatad 8servo aad drive circuits.

: An ad&tional advantage of itmorporating the man inte tha control loop is -
that problems of tube aging should be simplified. Tube aging would tend to produce
performanee degradation which world be virtually impossibie to compensate for
in-an internslly-adjusted aystem. Aging processes are not fully understoed, and
hence are not easily pr. “otable. Raytronics, which ia developing a camera for the
Nimbus program utilizing the RCA 2 in, magnetic Image Orthicon, has the intention

- of investigating this phenomenon in considerable detail during a later phare of their

program, It seems quite reasonable to assume that & ground based observer could
override internal adjustment controls, and extract optimum performance from gn
aging tabe with considerable success.-

For diagnostic vayposes, is 3eems desimble to include a resoiution test

3 ; pattern of some sort in the camera system, Reforenced periodically, such an
- intsrnal calibration system would be capable of detevmining camera chain per<

formance, and would provids some separate means for determining the performe
ance of the optica! systew:. In addition, this calibyation gource would énable the .
ground observer to better assess camera system performance, und op'imize the
systcin paramsiers. more rapidly and efficlently, Finally,such & sousrce might well

- provide the only de *“itive meaus for determining tube aging effects. Ii is recome .

mended that such a nymam be s@riously connmered for inclusion in the final camers

6-4
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While there is some basis for doubf that 8 1 year operational lifetim #ill
be successfully achieved with a fully automated.camera system incorporating dn
Image Orthicon, it seems clear that the chance of realizing this goal will be mate~
rially improved in the SMS system through the use of a human obsevver and a
command adjustmant capability. Therefore, it is concluded that the use of &8 man
in the control loop will materially enhance the flexibility and reliability of the cloud
cover sensor Bystem. To the extent to which the man is utilized, the resulting SMS
system should be an improvement over the day-night Nimbus-type camera system,

E. LIGHTWEIGHT OPTICS

Investigations of optical areas have indicated a significant variation in optical
system welghts, depending uwpon the type of materials employed for the housing and
mirror systems. The weight penalty for indiszriminate selection of optical systems
is readily apparant for the Iow and medium capability satellites. Discussions with
opticgl designers and organizations show divergent views in materiais selecticn
based in great part upon manufacturing skills, The resuliing optical system weights
consequently evidence a weight variaXion beiween comparable systems. -

Optical manufacturing techniques for beryllium mirrors are presently beitig
investigated by industry and should be expanded to cover using beryllium for structures
as well. Admittedly, this material is toxic and requires that special precautions be
tak-n during processing for the protection of the optician. Beryllium affords the
promise of substantial reduction of optical system weight because of its light weight,
as compared to quartz or aluminum in mirror construction, and aluminym and Invar
for structural components. In overall cousiderations the thermal siability of beryilium
-does not compare unfavorably with that of heavier optical materials.

F, VARIABLE OCCULTATION

Scene btigbtness variationg within the ﬂeld of view of the visible ligit sensors
wiil in moct instances exceed the dyramic range capabilities of the sensor tubes.
Attenuation of the ground acens illumination incident on the sensor photocatbode to
within the inherent capabilities of the sensor tube can be accomplished { as previously
described in Section 3, subsection E) through the uze of filter wheels and othber special
techniques. These techniques ave-effective {u that the sensor tube i@ optimized for'
a given photocathode high light iliumination level within the dynamic range of the sensor,
Consequently, iow light level regions within a particular scene are compromised if the
ratio betwesn high and low {llumination levele exceeds the ssnsor's capabilities. This
ratio miay. range from 30:1 to perhaps 100:1, {atthe very best it may approach 200: 1) -
depending upen the sensor tube. This means that fox a wide range of illumination within
® scene a deelaion must be made as to the brlghtness level at which to optimiza th
sensor. -

-

Two gensor charucteristics mus¢ be uonaidared* inherent dynamic range and .

 abaolute senaitivity. For a full Eerth diso sensor such as the Vidicon, whick may

view extremes of {llumination within 3 single pictuve, the problems of chtaining maxi-

‘mum dita ate more severe than with a narrow covevage 1.Q. sensor which only ex~ - .
periences exepsgive scene variation in a frame eneompansing the day-night termmtor. )
. Proper programming of 8 narrow covaraga £ensor couid wﬁtwi?r»inimfae oreven. .
’ ianminaw una problm : N ) .

~
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An approach, as yet unimplemented, has heen considered whereby a sensor's
dynamic range and gensitivity may be utilized to the fullest extent. This approach
would employ a variable occulting mask which would permit a series of optimum
exposures over discrate portions of the sensoyr's field of view withiy the limits of
attainable iube sensitivity and resolution. The occulting mask would be positioned

.8c that the high light portions of the scene are in effect removed from the sensor's

field of view, therehy allowing an exposure o be made {at optimum coenditions) of

the remaining portions of the picture. Through a series of such dissecting exposures,
governed by sensor characteristics, the maximum capabilities of the sensor could

be reelized. The resulting composite of maximized scene sections could be recon-
structed by the ground station recording equipment (if the sensor is capable of storing
a series of exposures) without adjacent area bliooming, and a single composite pic~
ture could also be transmitted to Larth.

Admittedly, such a device would require development for reliable operation
in space as well as ground or pre-programmed control for mask positioning. The
benefits derived, however, appear to warrant further investigation and possible de-
velopment for application to the SMS program.

G. AUTOMATIC SUN PROTECTION

Protection of all of the meteorological sensors from direct exposure to the
Sun is mandatory if 2 reliable one year orbital lifetime is to be attained.

Sensitive devices such as the Image Orthicon ave almost instantaneously
destroyed by direct Sun exposure. Vidicons, infrared sensors, and photomuliiplier
tubes may suffer damage ranging from partial disability to total destruction depend-
ing on the length of exposure.

Protection car be provided in the form of occluding shutters or variabie field
stops, triggered by = signal from a Sun proximity sensor, Additionally, since the
Sun position in relation to the satellite can be predetermined, the fisld of view could
be restrictad by limit stops on sensor aiming mirror excursions, as well as shutdown
of sensors during those periods when interception of the Sun image is possible.

Aithough practical Sun protection can be attained through the use of various
auxiliary devices and sensor programming, there are a3sociated penalties of addi-
tional complexity, weight, and operaiional restrictions. Such penalties could be
eliminated if an automatic, self-attenuating, Sun protector were available, An guto-
matic system must possess the inherent capability of instantapeously altering its
iight transmission caaracteristics from 100% to some value near 0.901% (neutral
density 4.0), together with a rapid recovery to 100% once the Sun's stimulus is
removed,

Photochromic dyes offer excellent possibilities for automatic occultation of
the Sun's imsge. Since these dyes are activated by the Sun's ultraviolet compenent.
and resct in proportion to the intensity, the only addition to a sensor sysiem would
be the dye coating ard a possible subetrate, Significant programs are currently
underway for protecting human eyes and Vidicon tubes from damage by stomic
explosion flashes. Near inst-ntaneous reaction and high dengities ars also required
for this appiication.
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Organizatione such as National Cash Register of Dayton Chio; Polacoat of
Cincinnati, Ohio; and Marx Polarizer Corp. of Queens, New York are engaged in
the development of photochromic dyes of various types and ¢haracteriatics.

Both study program time constraints and security restrictions kave pre-
vented a detailed investigation of photochromic dyes for automatic Sun protection,
However, based on the limited data available to Republic, resciion times of 20 v
30 microseconds with densities of 4,0 vx better, and recovery or reversal times
of milliseconds appear to be feasible. A recoramendation is therefore mude that
this area be investigated for possible application to th - SMS,

In addition to the efforis discussed above, some consideration has also been
given tc the extent to which operational restrictions might arise if Sun protection
via senso:r shutdown were institutad,

The following paragraphs apply to wide field sensors which are designed to
produce cloud pictures or heat budget data covering, in one frame, the full disk of
the Earth, to and beyond the horizon,

For sensors of this type, the problems of S8un protection arise only on certain
days wefore and after each equinox, and on these days for vnly brief periods bhsfore
and after local midnight at the satellite subpoint. Within these same time periods,
there appear also the related problems of loss of solar power because of passage
of the SMS through the shadow of the Earth. For larger types of SMS vekicles,

{700 to 1006 1b weight class) it is feasible to store enough energy for operation of
sensors during periods of eclipse. For lighter satellites the penalties become more
serious. For all weight classes, additional siorage of energy deserves considera-
tion only to the extent that available sensors can produce useful and needed data
under midnight {¥Jumination conditions.

The simplest answer for the power problem is to lock the metleoro:ogical
sensors and data transmitters in an "off" or "standby'" condition during passage
through the shadow. The simplest anawer to the Suu protection problem is tc keep
the sensor optics closed whenever their fields of view would includa the Sun.

A brief investigation was conducted to determine how much and what fractions
of observation time would be lost by these operating procedures. The principal re-
sults are shown in Figure é-1,

The inner curve for umbra only, is the sume as Figure 4-1 in Volume 5.
The curve for umbra plus penumbra was derived by addition of the twe curves of
that figure. The cuter curve was constructed by adding the time just before and
just giter the shedow period, during which the Sun would be in view of sengors with
a field of view defined by a cone of 20° total angle. This value was chosen to pro-
vide a 1,5° margin on each side of the 17° subtended by the Earth's disk from the
SM8. Such a margin might be required by errors in attitude sensors. The outside
rectangular "curve" of Figure 6-1 shows the corresponding logs of obgervation time
for a square field of view of 20°,
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2 The principal conclusions regarding the pewer problem and the Sun pro-
% tection prublem are as follows:

23? (1)  Both problems occur only in association with the equinoxes,
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and only close to local midnight.

(2) For 253 days, or 70% of the days of the year, neither problem
arises,

(3) For the remaining 112 days, or 30% of the year, the daily loss
of observation time never exceeds 87 minutes or 6% of each day.

(4}  For a 20° square field, the daily loss remains constant over
the 112 days. This corresponds to a loss of less than 2% of the
possible observation time over one year.

(6)  With a circular 20° field, losses due to both problems exceed

f " 60 minutes per day, or 4% on only 80 days (22%) of the year.
&
s:’f; (6) The relatively small losses of obgservation time do not seem to
i justify acceptance of substantial weight or complexity penslties
?gi to provide power for meteorological sensors and datz transmitters
%‘ during the shadow period, or to mask out the Sun just before and
;?x after these periods.
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i Figure 6-1. ILosses of SMS Observation Time
Due to Sun and Shadow
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. IMAGE DISSECTORS FOR SPACE APPIICATIONS

The problem of ackieving full Earth disc coverage iu one picture could be
solved if a sensor were available that was capable of high resolution, wide dyn-
amic range, and high sensitivity. Although such a sensor doesn't exist, the
Image Dissector meets the requirements of wide dynamic range (three to six
orders of magnitude) and high resolution (3000 lines). Unfortunately, this tube
has no storage capability, and therefore, its sensitivity is muck lower than the
Image Orthicon and the Vidicon. Two potential solutions exist: one is to employ
long exposure times, the other i3 to incorporate a storage capability in the tube.

The firat sclution imposes hardships on the attitude stabilization control
system. This manifests itself not as image smear (a8 would be the case for a
sengor incorporating storage) but as displacements of large areas, correspond-
ing to geometric distortion. The second approach, that of incorporating storage
capability into the Image Dissector, could enable the SMS to obtain high resolution
cloud images simultaneously for day and night illumination conditions. Because

of the potential advantages, it seems reasonable that future efforts in the meteoro-

logical sensor subsystem include investigations of these possibilities.
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